Methods of voice analysis for estimating the robustness of the student teacher's voice by Orr, R.
PDF hosted at the Radboud Repository of the Radboud University
Nijmegen
 
 
 
 
The following full text is a publisher's version.
 
 
For additional information about this publication click this link.
http://hdl.handle.net/2066/40942
 
 
 
Please be advised that this information was generated on 2017-12-06 and may be subject to
change.
Methods of Voice Analysis for Estimating
the Robustness of the Student Teacher’s Voice
Een wetenschappelijke proeve op het gebied van de Medische Wetenschappen
Proefschrift
ter verkrijging van de graad van doctor
aan de Radboud Universiteit Nijmegen
op gezag van de Rector Magnificus prof. dr. C.W.P.M. Blom,
volgens besluit van het College van Decanen
in het openbaar te verdedigen op vrijdag 22 april 2005
des namiddags om 1.30 uur precies
door
Rosemary Orr
geboren op 6 januari 1965
te Pontypridd.
Promotores prof. dr. L. W. J. Boves
prof. dr. K. Graamans
Copromotores dr. ir. L. I. J. Cranen
prof. dr. F. I. C. R. S. de Jong
Manuscriptcommissie prof. dr. P. Alku (Teknillinen Korkeakoulu, Helsinki)
prof. dr. A. C. M. Rietveld
prof. dr. H. K. Schutte (Rijksuniversiteit Groningen)
For Fiachser and the Snicket
“Pappa, mogen we televisie kijken?”
“Nee, dat is saai”
“Pappa, weet je wat pas saai is?”
“Wat dan?”
“Als mamma aan het Ph.D.-en is.”
For David, for many reasons
For my mother and father, here it is
Moderation in all things.
—A. Terence.
. . . especially in moderation.
—J. “doc Holiday” Orr.
Methods of Voice Analysis for Estimating the Robustness of the Student
Teacher’s Voice
Rosemary Orr
Ph. D. thesis, Nijmegen, 2005.
Cover design by Ro´is´ın McCullagh
ISBN 90-9019242-5
Copyright c© 2005 by Rosemary Orr
Methods of Voice Analysis. . . v
Acknowledgements
On this particularly solitary journey, there are a number of people without whom the
destination would not have been reached.
I thank unreservedly Dr. Bert Cranen for the many voluntary hours that he spent
on supervision, motivation, explanation, encouragement, commentary and exercising
the vast patience and tolerance for which his countrymen are so renowned. I thank
him for supporting me in collecting the single subject data, even though it was not in
the original plan, and for his unerring objectivity in reviewing all the written work,
both inside and outside this dissertation. If I should live to be a hundred, I could
never hope to know so much. It was and is a pleasure to work with such a professional
expert, particularly one who laughs at my jokes.
The opportunities for discussion and advice afforded to me by Professor Louis
Boves, whose time and attention are in such great demand, were more than generous.
Without his encouragement, I should not have begun. Without his pragmatism, I
might never have stopped. Contrary to what he maintains, there is every need to
express thanks, and it was not “all in a day’s work.”
I thank Monique Oudes for the clinical insights, the fruitful and enervating discus-
sions about measures of speaking frequency, and the unwarranted but welcome praise
for the always unfinished work. Much, perhaps all, of my understanding of clinical
assessments and procedures may be attributed to her. The notion of a speaking field
arose out of our deliberations together, and further research into the idea must needs
rely on her clinical expertise and lucid critical insights.
I thank Liesbeth ten Cate for her contribution to the signal processing of the
Voice Strain group. Her painstaking thoroughness was so important in evaluating the
extent to which the semi-automatic processes could be affected by subjective elements
introduced by the experimenter.
I thank Professor de Jong for his support of my ideas, and the presentation thereof
at various conferences, for his enthusiastic approach to research, and for always mak-
ing the recording studio available to me for the recording of phonetograms. I thank
Professor Graamans for reading the manuscript and providing structural commentary,
despite having to step in as a promotor at such a late stage in the research.
I thank Dr. Ailbhe Nı´ Chasaide for introducing me to this field of study and for her
friendly encouragement and advice on our sporadic meetings. I thank Professor Harm
Schutte and Professor Paavo Alku for their helpful commentary on the manuscript.
With fellow researchers in scarce supply, these welcome and constructive comments
from the experts fell like water on arid ground, and I hope that I have done them
justice.
I thank my colleagues Paul Hermans, Guus de Krom, Lieke Schreel and Mirjam
van Leer for putting me back on the academic train, and Lonia Jakubowska, Christel
Lutz, Floris van der Burg and Jocelyn Ballantyne for providing the extra fuel, when
the train slowed down between stations.
I thank David van Leeuwen for helping me to live with the precarious balance
between principles and practice, which I eventually found, and for enabling me to
vi Acknowledgements
work on the data at Nijmegen from various different locations. A real renaissance
mind, there were few aspects of this multidisciplinary research that he did not grasp,
and discussions were always productive. His ability to put things in perspective and
to see the wood for the trees was invaluable in moments of confusion amidst multi-
layered datasets, statistical spaghetti and scripts that would not run. From him, I
have learned everything that I know about large-scale batch-oriented data processing,
statistical computing and scripting. Only with his support could I think and work so
independently.
I thank my old colleagues in the hospital in Nijmegen for so sportingly supporting
my learning of Dutch, and for the light relief they provided at lunch. I thank Wendy
Huinck for helping to keep in mind that, in real life, measures of central tendency
represent the stereotype, and that the really interesting things are often in the tails
of the distribution.
I thank Hans and Alice van Leeuwen for their quiet and ever-present encourage-
ment.
Finally, I thank my mother and father for packing my suitcases and for booking
the ticket, and Johnny and Ro´is´ın and Ciara for driving me to the airport.
Methods of Voice Analysis. . . vii
Contents
1 Summary of the Research 1
1.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.1.1 The professional teaching voice . . . . . . . . . . . . . . . . . . 1
1.1.2 Defining robustness . . . . . . . . . . . . . . . . . . . . . . . . 2
1.1.3 Methods of voice analysis . . . . . . . . . . . . . . . . . . . . . 3
1.1.4 Electroglottography (EGG) and inverse filtering . . . . . . . . 4
1.2 Subjects used for this study . . . . . . . . . . . . . . . . . . . . . . . . 8
1.2.1 The voice strain groups, risk and control . . . . . . . . . . . . . 8
1.2.2 The subject for the methodological study . . . . . . . . . . . . 9
1.3 Measures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
1.3.1 Standard voice clinic measures . . . . . . . . . . . . . . . . . . 10
1.3.2 Phonetographic measures . . . . . . . . . . . . . . . . . . . . . 12
1.3.3 Glottal closure measures . . . . . . . . . . . . . . . . . . . . . . 16
1.3.4 Inverse filtering and electroglottographic acoustic measures . . 18
1.4 Notes on intensity parameters . . . . . . . . . . . . . . . . . . . . . . . 21
1.5 Summaries of the research studies in this dissertation . . . . . . . . . . 22
1.5.1 Study I . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22
1.5.2 Study II . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23
1.5.3 Study III . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24
1.5.4 Study IV . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25
1.5.5 Study V . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26
1.6 Discussion and conclusions . . . . . . . . . . . . . . . . . . . . . . . . . 28
1.6.1 Considerations regarding the project design . . . . . . . . . . . 28
1.6.2 Summary of the conclusions from the project . . . . . . . . . . 29
1.6.3 Directions for future research . . . . . . . . . . . . . . . . . . . 31
2 Statistical Analysis 33
2.1 Purpose of this chapter . . . . . . . . . . . . . . . . . . . . . . . . . . 33
2.2 Description of the Data . . . . . . . . . . . . . . . . . . . . . . . . . . 33
2.3 Discussion of the lack of a power calculation. . . . . . . . . . . . . . . 34
2.4 The development of the statistical approach to the data . . . . . . . . 36
2.4.1 Remarks concerning both datasets . . . . . . . . . . . . . . . . 36
2.4.2 The Voice Strain data . . . . . . . . . . . . . . . . . . . . . . . 39
2.4.3 The Single Subject data . . . . . . . . . . . . . . . . . . . . . . 43
2.5 Further graphical representations of the datasets . . . . . . . . . . . . 47
2.6 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49
3 Study I 55
3.1 Abstract . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55
3.2 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55
3.3 Methods and Materials . . . . . . . . . . . . . . . . . . . . . . . . . . . 57
3.3.1 Subjects . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57
3.4 Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63
viii Contents
3.4.1 Acoustic and phonetographic data . . . . . . . . . . . . . . . . 63
3.4.2 Glottal closure patterns . . . . . . . . . . . . . . . . . . . . . . 63
3.5 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63
3.6 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64
3.6.1 Acoustic Data . . . . . . . . . . . . . . . . . . . . . . . . . . . 66
3.6.2 Maximum Phonation Time . . . . . . . . . . . . . . . . . . . . 66
3.6.3 Phonetographic Data . . . . . . . . . . . . . . . . . . . . . . . 66
3.6.4 Glottal Closure . . . . . . . . . . . . . . . . . . . . . . . . . . . 67
3.7 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68
4 Study II 69
4.1 Abstract . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69
4.2 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69
4.2.1 The occupational voice . . . . . . . . . . . . . . . . . . . . . . . 69
4.2.2 Phonetography . . . . . . . . . . . . . . . . . . . . . . . . . . . 70
4.2.3 Aim of the study . . . . . . . . . . . . . . . . . . . . . . . . . . 72
4.3 Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72
4.3.1 Subjects . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72
4.3.2 Phonetogram registration . . . . . . . . . . . . . . . . . . . . . 73
4.3.3 Statistical Analysis and Results . . . . . . . . . . . . . . . . . . 77
4.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78
4.4.1 Suggestions for measures more relevant to the speaking voice . 79
4.5 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84
5 Study III 87
5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87
5.2 Materials and Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . 89
5.2.1 Subjects . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89
5.2.2 Phonation Task . . . . . . . . . . . . . . . . . . . . . . . . . . . 89
5.2.3 Measurements . . . . . . . . . . . . . . . . . . . . . . . . . . . 89
5.2.4 Recording Procedure . . . . . . . . . . . . . . . . . . . . . . . . 89
5.2.5 Signal Processing . . . . . . . . . . . . . . . . . . . . . . . . . . 90
5.2.6 Characterisation of the acoustic voice source . . . . . . . . . . 91
5.2.7 Checking of the signal processing . . . . . . . . . . . . . . . . . 92
5.2.8 Re-analysing the data . . . . . . . . . . . . . . . . . . . . . . . 92
5.3 Analysis and Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93
5.3.1 t-tests and correlation tests . . . . . . . . . . . . . . . . . . . . 93
5.3.2 Data processing . . . . . . . . . . . . . . . . . . . . . . . . . . . 93
5.3.3 Subjectivity of the experimenter . . . . . . . . . . . . . . . . . 94
5.3.4 Analysis of variance tests . . . . . . . . . . . . . . . . . . . . . 94
5.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95
5.4.1 Data processing . . . . . . . . . . . . . . . . . . . . . . . . . . . 96
5.4.2 Subjective element introduced by experimenter . . . . . . . . . 96
5.4.3 Normal within-subject variation, and the psychological effect of
the mask on some speakers . . . . . . . . . . . . . . . . . . . . 96
5.4.4 Acoustic distortion caused by the mask . . . . . . . . . . . . . 97
Contents ix
5.4.5 Statistical Approach . . . . . . . . . . . . . . . . . . . . . . . . 97
5.5 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97
6 Study IV 99
6.1 Abstract . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99
6.2 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99
6.2.1 Preamble . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99
6.2.2 Theoretical background . . . . . . . . . . . . . . . . . . . . . . 100
6.3 Materials and methods . . . . . . . . . . . . . . . . . . . . . . . . . . . 103
6.3.1 Subject . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103
6.3.2 Phonation task . . . . . . . . . . . . . . . . . . . . . . . . . . . 103
6.3.3 Measurements . . . . . . . . . . . . . . . . . . . . . . . . . . . 104
6.3.4 Signal processing . . . . . . . . . . . . . . . . . . . . . . . . . . 105
6.3.5 Characterisation of the acoustic voice source . . . . . . . . . . 105
6.4 Analysis and results . . . . . . . . . . . . . . . . . . . . . . . . . . . . 106
6.4.1 Visual inspection of the data . . . . . . . . . . . . . . . . . . . 107
6.4.2 MANOVA tests . . . . . . . . . . . . . . . . . . . . . . . . . . . 107
6.4.3 ANOVA tests and diagnostics . . . . . . . . . . . . . . . . . . . 110
6.5 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 112
6.5.1 Treatment of the outliers . . . . . . . . . . . . . . . . . . . . . 112
6.5.2 The effects of production order . . . . . . . . . . . . . . . . . . 116
6.5.3 The effects of the mask . . . . . . . . . . . . . . . . . . . . . . 117
6.6 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 120
7 Study V 123
7.1 Abstract . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 123
7.2 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 123
7.3 Materials and methods . . . . . . . . . . . . . . . . . . . . . . . . . . . 125
7.3.1 Subjects . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 125
7.3.2 Phonation task . . . . . . . . . . . . . . . . . . . . . . . . . . . 126
7.3.3 Recording procedure . . . . . . . . . . . . . . . . . . . . . . . . 126
7.3.4 Measurements . . . . . . . . . . . . . . . . . . . . . . . . . . . 127
7.3.5 Signal processing . . . . . . . . . . . . . . . . . . . . . . . . . . 127
7.3.6 Characterisation of the acoustic voice source . . . . . . . . . . 127
7.4 Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 130
7.5 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 133
7.5.1 Results for the factor risk . . . . . . . . . . . . . . . . . . . . . 135
7.5.2 Results for the factor endoscope . . . . . . . . . . . . . . . . . 135
7.6 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 138
7.6.1 Comparison of the risk and control groups . . . . . . . . . . . . 138
7.6.2 Comparison of normal voice with soft, loud and low voice . . . 141
7.6.3 The effect of the presence of the endoscope . . . . . . . . . . . 142
7.7 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 143
Bibliography 145
Summary 153
x Contents
Methods of Voice Analysis. . . 1
1 Summary of the Research
1.1 Introduction
This work is concerned with voice quality. The voice in question is that of the student
teacher. The quality in question is that of robustness.
The study came about as a result of a project on the voice quality of the student
teacher. The general aim of the project was to see whether objective measures could
be found which would help to explain why some voices are more susceptible to voice
problems than others. This is particularly important when voices are to be used in
a speaking profession. The problem was to be assessed by contrasting two groups
of student teachers. None of the students had pathological voice but their voices
spanned a relatively broad range of voice qualities. Part of the student group was
assessed by voice therapists as having adequate voices for the teaching profession and
the remainder as having inadequate voices. The former formed our control group and
the latter formed the risk group.
Several measurements were made of the voices, and the dataset was almost com-
plete according to the initial design when the person who began the research left the
project for work in another professional direction. The subsequent analysis of the data
was carried out by this author, who was not present for any of the original record-
ings. As the collection of the data had taken more time than was initially envisaged,
and as the risk group had already been referred for voice training or therapy, it was
not possible to complete the dataset, nor was it possible to supplement the dataset
with recordings which, after examining the original data, appeared necessary. These
limitations brought several difficult analysis problems with them. The considerations
regarding the statistical analysis are detailed in Chapter 2.
The recordings, measurements and assessments were carried out at the voice clinic
in the department of ENT of the Radboud University Nijmegen Medical Centre in the
Netherlands. The signal processing and analysis was carried out in the department of
Language and Speech at the Faculty of Arts of the Radboud University in Nijmegen.
1.1.1 The professional teaching voice
The voice is a primary tool in many professions, but it sometimes does not receive the
care and attention that its role warrants. With regard to the teaching voice, recent
research from the Netherlands shows how serious the problem is, and how, without
early intervention, problems can become chronic (de Jong et al. 2003). As discussed in
Chapter 3, voice problems may be detected at the beginning of the student teacher’s
studies, and the student may be able to take specific preventive measures against voice
strain such as intensive voice training or medical treatment. However, beginning a
teaching career with no specific voice problems is no guarantee that such problems
will not develop in the course of the teaching career.
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1.1.2 Defining robustness
Robustness is a difficult quality to define, not least because it would require long
term study over many professional speakers. As our current reference for robustness
is based on the subjective judgements of voice therapists about the voices of student
teachers, such a study would be ethically questionable. It would require actively
encouraging subjects whose voice is judged as non-robust not to seek training or
treatment, and to embark on a career in teaching while suspecting that they are
likely to suffer damage, possibly permanent, to their voices and their careers. Thus
we decided to analyse voices which were judged as non-robust, and to try to find
objective measures which reflect this judgement. A set of parameters which indicate
robustness might contribute to the assessment and treatment of voices which actually
suffer from occupational dysphonia, and might be used in preventative training for
student teachers.
In this research, voice therapists were able to identify a group of student teachers
whose voices were possible candidates for voice strain. This group was our risk group,
considered as being at risk of developing voice problems in the future. The voice
therapists were also able to identify a group of students and members of the normal
population where they felt that this was not the case. This group was our control
group. The aim of our investigations in Chapters 3, 4 and 7 was to try to find
systematic differences between the control and risk groups, and to identify possible
indicators of a robust voice.
A common sense approach would suggest that certain aspects of the voice will
contribute more to robustness than others. An initial impression of instability or
poor control, poor vocal efficiency, general physical tension, and a global impression
of the speaker are often the perceptual cues for a predisposition for vocal strain. We
are only concerned here with the aural impression of the voice therapists. We try
to find objective measures which might reflect the judgement of the voice therapists.
We assume that what the therapists can hear is actually related to robustness and
interpret any systematic differences that we can find between perceived control and
risk groups as being related to this quality.
Defining stability, degree of control, tension, efficiency in terms of objective para-
meters is not straightforward. For example, perturbations in intensity and pitch
(shimmer and jitter), have been associated with instability in the voice (Boltezar
et al. 1997, Giovanni et al. 2002, Amir et al. 2003, Hammarberg 1986). Some irreg-
ularity in pitch and intensity is necessary for a voice to sound normal (Lieberman
1961), but a high degree of this type of perturbation has also been found to correlate
with dysfunctional voice (Hammarberg 1986). Yet other research (Kreiman & Gerratt
2003) suggests that jitter and shimmer do not contribute much to the listener’s per-
ception of voice quality. Furthermore, there is, as Titze (1993) points out, no precise
physical definition for terms like perturbation, jitter and shimmer. “Nevertheless,
they serve a purpose in describing physical processes, and we will continue to use
them” (ibid, page 282).
When we speak of control in this research, we refer either to the ability to control
instability seen in measurements of jitter or shimmer, as in Chapter 3, or to the ability
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to control the muscle tensions in the larynx, as defined in Laver (1980) in order to
achieve a desired voice quality (loud, soft, normal, low), see Chapter 7.
The term tension refers to physiological muscle tension in the larynx as in Chap-
ter 7 or perception of tension, contributing to the perception of robustness by the voice
therapists, as in Chapter 3. Tension in the vocal folds, when referring to voice quality,
has been described in terms of waveform parameter values (Nı´ Chasaide & Gobl 1995)
which correlate with particular combinations of tensions as described in Laver (1980).
It has been linked to the term stress (Colton et al. 1996), and also to lack of pitch
variability.
Vocal efficiency has been addressed by many researchers. For example, it has
been described in terms of the ratio of produced sound power to the subglottal
power (Schutte 1980, Titze 1993). This measure attempts to capture the efficiency of
the conversion of aerodynamic power from the lungs to the acoustic power radiated
from the mouth. Much power is lost between lungs and lips, and Titze (1993) names
transfer of power from the airstream to the vocal folds themselves and to the walls
of the sub- and supraglottal vocal tract, and flow separation and rotation from the
glottal wall as being at least partially responsible.
There is also an expansion of the maximum phonation time, the s/z ratio (Eckel
& Boone 1981) which has been used as a measure of efficiency for the identification of
pathological voice. This measure describes the length of time that a subject can main-
tain a /z/ as compared to an /s/. For normal voices, the ratio should approximate 1,
but for voices with glottal leakage, sustained production of /s/ can be maintained for
longer than sustained production of /z/.
When we refer to efficiency in this research, we refer to the degree of closure of the
vocal folds. We did not calculate an s/z ratio, but have looked at directly observed
degree of glottal closure (stroboscopy), and source parameter values which we believe
can capture this information. Degree of glottal closure is one aspect of efficiency which
is theoretically in the control of the speaker, and therefore something which can be
altered, at least to some degree. Ability to regulate degree of vocal fold closure so that
less aperiodic noise is generated and more periodic sound is produced contributes, in
our view, to robustness. Inability to regulate the voice in this way implies that more
effort is required to produce the airflow necessary for voicing.
With the measures that do reflect the judgement of the therapists, we suggest a
set of voice characteristics which are related to robustness.
1.1.3 Methods of voice analysis
There are three important types of voice analysis which are regularly carried out on the
voice, and which are used in this research. Firstly, there is the analysis carried out by
the voice therapist. Voice therapists in a standard examination environment typically
have few instruments for voice analysis at their disposal, with cost and commercial
availability severely limiting their choices. The voice therapists in a hospital clinic
will have access to a wider range of instruments. In describing the standard tools
available to the voice therapist, we have chosen those used in many standard voice
therapy practices, and in most clinically based practices. Videolaryngoscopy will
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only be performed by the phoniatrician. Few phoniatricians or voice therapists use
inverse filtering or electroglottography as an analysis tool with the exception of some
medical research centres (see, for example, Colton et al. 1996). It is still a subject of
experimental research, as experts from many different disciplines attempt to establish
standard procedures and measures to be extracted from the inverse filtered signal, as
well as to overcome the limitations of current voice production theories.
1.1.3.1 Standard tools available to the voice therapist
Voice therapists listen to patients, make an assessment of their problem, and may
provide voice training, or referral to an otolaryngologist (ENT doctor), or both. Apart
from the subjective judgements of a voice therapist about their patient, they will often
use various types of instrument to provide objective information about the voice,
which complements their subjective expertise.
The most simple of these is the stopwatch with which maximum phonation time
is measured (see section 1.3). Basic voice analysis programs are also available, mainly
used in voice clinics in hospitals and large practices. For this work, we used the KAY
Computerised Speech Lab (CSL), to extract acoustic measures from the speech signal.
Another common tool is the phonetogram. Its use in voice analysis is discussed in
Chapter 4.
1.1.3.2 Videolaryngostroboscopy
Most clinical examinations of voice patients will involve either rigid or flexible laryn-
gostroboscopy, being a standard method of almost direct visualisation of vocal fold
activity (see, for example, So¨dersten & Lindestad 1993, Herteg˚ard & Gauffin 1995,
Cranen & de Jong 2000). The control and risk groups of this study were all examined
with both rigid and flexible endoscopes. The rigid endoscopes were used in the initial
examination of the vocal folds, to check for vocal fold pathology. During the experi-
ments on vocal behaviour, the subjects were examined with a flexible endoscope for
videolaryngostroboscopy so that vocal fold behaviour could be recorded on video.
1.1.4 Electroglottography (EGG) and inverse filtering
1.1.4.1 Electroglottography, EGG
Electroglottography, or EGG, is a simple non-invasive measure of vocal fold vibration,
and is based on the fact that body tissue conducts electric current better than air.
Two electrodes are placed on either side of the thyroid cartilage, and a small electric
current is passed between them. At constant current, the voltage is measured. The
resulting waveform tracks vocal fold movement as the vocal folds open and close.
Generally, maximum resistance to flow indicates maximum opening and minimum
resistance indicates maximum contact. There are many other factors which influence
the waveform, such as difficulty of correct placement, thickness of the neck tissue,
artefacts introduced by the speech material itself, and the natural variation in the
neck tissue over time, due to blood flow, breathing or speech. A comprehensive
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discussion of these influences and their effects on the EGG waveform are provided by
Colton & Conture (1990).
Despite the problems which are associated with distinguishing other influences
from the vocal fold vibration in the EGG waveform, it is a simple and almost direct
measure. It has been used to complement inverse filtering and other forms of voice
analysis (see, for example, Herteg˚ard 1994, So¨dersten 1994, Kitzing 1986, Sˇvec et al.
1996, Granqvist et al. 2003). In our case, we used it for two main reasons. The first
was as a control for the inverse filtering. Some of the parameters derived from inverse
filtering could also be derived from the EGG signal, and the latter could then be used
as a check on the inverse filtering. Secondly, in Study IV in Chapter 6, we investig-
ated the effect of the flow mask on the speaker, by comparing flow and microphone
recordings of the same speaker. If the values of the parameters derived from the EGG
signal were sufficiently similar to the inverse filtered parameter values, the EGG signal
could be used as a means of direct comparison of the flow and microphone signals.
The comparison of EGG and inverse filtering parameters in shown later in this
chapter, in Section 1.3.4.
1.1.4.2 Inverse filtering
Inverse filtering is a means of representing voice production at the level of the vocal
folds. The technique assumes the linear source-filter model of speech production (Fant
1960). By filtering speech with a filter which is the inverse of the vocal tract filter,
the pre-filtered form of the voice source is produced. Figure 1.1 shows a schematic
representation of the production and filtering of the schwa vowel /@/.
Production of an /@/
Source Filter Speech output
Frequency
dB →
Frequency
dB
F1
F2
F3 F4 F5
→
Frequency
dB
inverse filtering of an /@/
Speech output Inverse filter Source
Frequency
dB →
Frequency
dB
F1
F2
F3 F4 F5 →
Frequency
dB
Figure 1.1: Schematic representation of the inverse filtering process, after Nı´ Cha-
saide & Gobl (1995).
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There are two commonly used methods of inverse filtering. One is the filtering of
the speech pressure wave (see, for example, Nı´ Chasaide & Gobl 1995, Karlsson 1991,
Alku & Vilkman 1996, Childers & Lee 1991). A good quality microphone, placed
at around 10 cm from the mouth, is used for recording the speech. After filtering
to eliminate low frequency noise, and phase correction to compensate for distortion
introduced by the filtering, the signal is inverse filtered. The main disadvantage of this
method is that the DC component of the glottal wave cannot be directly measured.
Inverse filtering (time domain)
Oral airflow True glottal airflow
Time
U(
t)
−→
Time
U g
(t)
Speech pressure Differentiated glottal airflow
Time
P(
t)
−→
Time
U′
g(t)
Figure 1.2: Examples of inverse filtering of the oral airflow (top) and the micro-
phone signal (bottom).
Another approach is that of inverse filtering the oral airflow (see, for example,
Herteg˚ard 1994, Fritzell et al. 1986, Gobl 1989, Holmberg 1993). Oral airflow during
speech is measured using a face mask, most commonly modelled on the one designed
by Rothenberg (1973). The airflow recordings are not as affected by low frequency
noise and do not require pre-filtering or phase correction. Another advantage of using
airflow recordings is that they can be easily calibrated and the DC component can be
measured. The disadvantage of oral flow filtering is that it involves the use of the face
mask. The mask has the effect of a low pass filter, and frequencies of above 1.5 kHz
are not accurately represented (Herteg˚ard & Gauffin 1992, Rothenberg 1973, 1977).
Furthermore, it is a more invasive method of analysis, and potentially introduces
altered voicing behaviour on behalf of the subject.
For both the oral flow data and the microphone data in this dissertation, signals
were automatically inverse filtered by means of pitch synchronous inverse filtering,
using covariance LPC on the closed glottis interval.
1.1.4.3 Computation of the inverse filtered glottal flow
Linear Predictive Coding (LPC) is a commonly used analysis method of inverse filter-
ing (Alku 1992, Herteg˚ard 1994, Gobl & Nı´ Chasaide 1992, de Veth et al. 1990), both
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of microphone and flow recordings. Depending on the goal of the analysis, two types
of LPC are used, namely the autocorrelation method and the covariance method. In
looking at glottal behaviour in our research, we examine specifically pulse-to-pulse
behaviour. This influenced our choice of LPC analysis.
Autocorrelation is performed using a fixed frame analysis. This means that, even
for pitch-synchronous LPC, the open phase of the glottal pulse would be included
in the analysis. While the glottis is open, the supraglottal cavity is coupled with
the subglottal cavity, which invalidates the assumption that the source is completely
independent of the filter (Fant 1960), on which our model is based. We therefore used
the covariance method on the closed glottis interval only.
The underlying assumption in our analysis is that each pitch period consists of
an excitation with a decaying oscillation. The maximum excitation in each pulse
occurs as the vocal folds are closing. Once they are closed, the remainder of the pulse
consists of the excitation-free oscillation, which is influenced only by the resonances
of the vocal tract. Location of the part of the pulse where the glottis is closed—the
closed phase—and the running of an LPC analysis on it should allow us to find and
remove the vocal tract resonances, and thereby produce a pulse which represents the
glottal source.
In reality, this assumption is somewhat shaky. The main difficulty is that the
vocal folds seldom close completely in normal speech. This means that there is always
some leakage of air through the vocal folds which can impose subglottal resonances
on the closed-phase oscillation, introducing ripple in the resulting filtered waveform,
or causing inaccurate estimation of formants and bandwidths. Ripple left over in
the glottal pulse can distort the parameters extracted from the pulse, and that is
problematic. The problems associated with LPC analysis for the extraction of glottal
parameters are clearly explained in McKenna (2001).
Attempts have been made to remove instabilities from this type of inverse filtered
pulse, in order to arrive at a pulse which more closely resembles an ideal model, for
example the LF model (Fant et al. 1985). Iterative Adaptive Inverse Filtering (Alku
1992) and Discrete All-Pole modelling (El-Jaroudi & Makhoul 1991, Alku & Vilkman
1994) are modification and variation respectively of LPC analysis, where smoother
pulses, closer to the model are produced. Kalman filtering, used for smoothing, as
proposed by McKenna (2001) addresses the problems introduced by parameter values
which change dramatically from one pulse to the next. Most of these developments
appeared after our system was produced, and we have not yet made any systematic
comparison of different methods.
Moreover, whether attaining a smooth approximation of the model is an appropri-
ate goal in this type of research is a moot point. Many voice qualities which deviate
greatly from modal voice do not, by definition, fit the model. Pulse-to-pulse instabil-
ities do occur, and are even an integral part of some voice qualities, for example creaky
voice. It may well be that inconsistencies in the glottal wave carry information about
vocal fold function which would be missed with smoothing and refining techniques,
and that despite the difficulty with interpretation of deviation from the ideal model,
the basic LPC analysis on the closed glottis interval yields a more representative
picture of the source signal.
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1.1.4.4 Automatic inverse filtering
The inverse filtering techniques used in this research, and the signal processing re-
quired to get appropriate signals for inverse filtering were all, in principle, automatic
procedures.
In practice, it was necessary to inspect much of the signal data visually, which
unavoidably introduced a subjective element into the analysis. Much of the inspection
was relatively simple, requiring yes/no decisions. For example, it had to be noted
whether the markers extracted from the EGG recordings for the purpose of locating
the closed glottis interval, were present for all pulses. If a file was inadequately
marked, then the EGG data would not be used for marking the moments of opening
or closing for the corresponding flow or microphone recording, or for the extraction
of waveform parameters.
Other adjustments required a more subjective judgement on behalf of the exper-
imenter. Default settings for, for example, the number of poles or the length of the
analysis window, could be adjusted in order to get better results. This does not mean
that settings were adjusted until the resulting waveform conformed with an ideal
glottal pulse. Rather, the experimenter worked with the idea that the waveform did
not have to be completely smooth, but that the ideal should be recognisable in the
actual result. At all times, the experimenter tried to keep the number of poles and the
window length at realistic values. As explained in Chapter 5, a second experimenter
was asked to check approximately 25% of the usable mask data, and her choice of
settings was not different enough from the initial choice to affect the values of the
extracted parameters.
The amount of visual checking and manual marking of sections of speech that was
required was substantial, and it is discutable whether the term “automatic” can be
used with much justification in the signal processing and filtering in this research.
However, the insights gained from the careful processing of the very large amount of
data have been documented, and procedures are being considered to automate many
of the checking procedures.
1.2 Subjects used for this study
The data used comes from two sources. The first is the voice data collected from the
risk and control groups for the investigation of robustness. The second is the single
subject data collected for methodological investigation.
1.2.1 The voice strain groups, risk and control
The establishment of the risk and control groups is discussed in detail in Chapter 3.
The control group consisted of students whose voices were judged by voice therapists
at the teacher training college to be sufficiently robust for a career in teaching. The
risk group consisted of student teachers whose voices were judged by the same voice
therapists to be less robust than those of the control group. In order to form a
control group of comparable size to the risk group, a number of voices from the
normal population were added to the original student control group. All subjects’
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Figure 1.3: Schematic diagram of the makeup of the risk and control groups
voices were otherwise healthy. Figure 1.3 gives a schematic view of the selection
procedure.
1.2.2 The subject for the methodological study
After it became clear that the flow and microphone inverse filtered data could not
be as easily compared as had been expected, we decided to try to establish experi-
mental conditions which would make it easier to compare these two methods of voice
recordings.
In accordance with the recommendations that were made in the conclusions of
Chapter 5, an experiment was set up in which there was one speaker. The speaker
was a female phonetician trained in the production of different voice qualities, and
who, being the author of this dissertation, was familiar with the aims of the research.
In this way, we hoped to rule out tension due to the presence of the mask, and
inaccurately produced speech tokens.
10 Chapter 1. Summary of the Research
1.3 Measures
In deciding which measures to use for this research, mostly commonly used measures
were chosen. At the workshop on voice quality, VOQUAL ’03, held in Geneva, Switzer-
land, Professor Paavo Alku of the Helsinki University of Technology highlighted the
concern that much of the current work on the voice source employs existing measures
that are insufficient for a comprehensive characterisation of the voice (Alku 2003).
He encouraged researchers to concentrate their efforts on new ways of looking at and
measuring the voice source, with particular reference to inverse filtering. While we
share this concern, the purpose of the current work was to establish whether any of
the currently available instruments and the measures taken with them were sufficient
to find systematic differences between subjectively formed risk and control groups.
If the currently available tools for voice analysis can help to identify robustness in
the teacher’s voice, then they might also be used in monitoring progress during voice
training. It may also be that, given the many approaches to voice analysis presented
here, the currently used measures in the different fields of voice engineering, voice
therapy, and medical examination of voice, when considered collectively, can produce
a more general set of objective measures to assess voice robustness.
1.3.1 Standard voice clinic measures
1.3.1.1 Maximum Phonation Time
Maximum phonation time (MPT) measures the “maximum time that a subject can
sustain a tone on one continuous expiratory breath” (Colton et al. 1996, page 356).
It is used to give the voice therapist an indication of control over both breathing and
voicing. It is affected by lung capacity, the control of airflow from the lungs through
the glottis, and the degree of leakage through the glottis. It can also be measured
and expressed in terms of the s/z ratio, where the production of the voiceless /s/
represents the expiration control and that of the voiced /z/, the glottal resistance. In
this research, we used a straightforward measure of the maximum time that a subject
could maintain an /æ/ vowel, as timed with a stopwatch. This is the measure most
commonly used by the voice therapists at our clinic.
The Voice Strain control group average for this measure was around 17 seconds,
which agrees with accepted normal mean values of 20 seconds for males and around 15
seconds for females (Colton et al. 1996). The risk group had a significantly lower MPT,
with a mean of 12.8 seconds. At the Nijmegen voice clinic, 12 seconds is considered
the lowest acceptable level for adults (see also Kent et al. 1987, Hirano & Mori 2000),
so the risk group average was not indicative of real voice problems. However, it does
indicate that this group of speakers has less control over the mechanisms regulating
airflow and speech.
1.3.1.2 Jitter and Shimmer
There are many ways of defining amplitude or fundamental frequency perturbation,
and there have been many studies on jitter and shimmer as measures of voice quality.
Still, after a number of decades, there is very little agreement on precisely what, if any
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perceptual information either of these measures conveys. The summary statement of
the NCVS workshop (Titze 1995) gives a detailed overview of approaches to this issue
and from the number of recommendations and considerations which emerged from
this workshop, it is clear that a standard universally interpretable measure of jitter of
shimmer is still not available. Furthermore, more recent research indicates that jitter
and shimmer may not be perceptually relevant measures in assessing voice quality,
as listeners in psychoacoustic experiments seem to be insensitive to the amounts of
jitter and shimmer presented in stimuli (Kreiman & Gerratt 2003). These remarks
notwithstanding, both jitter and shimmer are measures which are commonly extracted
by voice clinicians from simple speech recordings using readily available software and
hardware, such as the CSL. Furthermore, not only is a degree of jitter and shimmer
necessary for a voice to sound normal, but severely dysphonic voices often have a
large amount of perturbation in the recorded signal (Hammarberg 1986). If the risk
group actually consists of less robust voices, one might expect to find this indicated
in greater instability in the form of greater frequency or amplitude perturbation in
their voices as compared to the voices of the control group. In the analysis, there was
in fact no significant difference between the risk and control groups for either jitter or
shimmer. This may have been because these measures do not perceptually contribute
to the voice therapist’s assessment of robustness, as suggested by Kreiman & Gerratt
(2003). However, it may also be because both of the groups were healthy and did not
show any signs of harshness, roughness or instability with which these measures have
been associated.
1.3.1.3 Average fundamental frequency, f
/æ/
0
While the fundamental frequency is probably the most salient perceptual feature of
voice quality, it is also one of the most difficult to measure accurately, and the precise
measure used to characterise a speech sample varies from study to study. For an
overview of measures of fundamental frequency, see Baken & Orlikoff (2000). For
a sustained vowel, which was the speech material used in the Voice Strain study,
the average f0 is an acceptable measure, as the speaker is instructed to maintain a
constant pitch. As with jitter and shimmer, this measure was automatically extracted
from the sustained vowel /æ/, using the CSL.
It is not difficult to relate the measure to physiological mechanisms affecting ro-
bustness. If a speaker habitually phonates at a pitch noticeably above or below that
which the voice therapist expects, they may be subjecting their voice to unnecessary
strain. Although the risk group was not observed to phonate at an unusually high or
low pitch, it could be that, if the vocal folds are in an habitually tense setting, higher
values may be produced for f
/æ/
0 than if the vocal folds were relaxed.
In the context of the teaching voice, voice therapists at the clinic have the impres-
sion that speakers, especially female speakers, may lower the entire larynx to produce
a lower pitch with the psychological intention of increasing their perceived authority
and credibility (Henton 1985). If the risk group showed either a higher or lower av-
erage pitch than the control group, it could be an indication that they phonate with
more tense settings than the controls, making their voices perceptually less robust. In
the analysis, there was no significant difference between the risk and control groups.
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As with jitter and shimmer, this was probably because both risk and control groups
had healthy voices and were not perceived to phonate at an unusually high or low
pitch.
1.3.2 Phonetographic measures
Phonetographic data from this study may not always be comparable to other re-
search. It was observed at the clinic that some therapists could elicit much larger
phonetograms from subjects than other therapists. Much depends on the personal
interaction between the subject and the therapist. However, the phonetograms for
this study were all made by two experienced therapists, and are generally considered
large with respect to those made by their colleagues.
The phonetogram is widely used in the Netherlands as a clinical assessment tool. It
is mostly made manually, although the computerised phonetogram (Pabon & Plomp
1988) is becoming more popular. Much has been written about standardisation of
the phonetogram and its use in voice assessment (see, for example, Sulter et al. 1994,
Schutte & Sneider 1986). However, in general practice, the phonetogram is used
by voice therapists in voice assessment to form a holistic view of the voice, which
remains subjective, in spite of the use of an objective instrument. Actual extraction
of measures such as melodic range, intensity ranges or habitual speaking frequencies
is not always considered necessary. Often, a phonetogram is only made if the voice
therapist feels that their initial auditory assessment needs confirmation, and then the
size and shape of the phonetogram is mostly enough to confirm the initial judgement.
This makes it difficult to know which objective measures should be taken from
the phonetogram in relation to robustness. After consultation and discussion with
voice therapists at the voice clinic, measures were chosen which would give an estim-
ation of maximum ranges of frequency and intensity, and which would also give some
indication of the shape of the phonetogram. Frequency and intensity measures are
well documented and their extraction is relatively simple. For documentation of the
extraction of phonetogram parameters see Baken & Orlikoff (2000), Pabon & Plomp
(1988), Gramming (1988), Heylen (1997), Sulter et al. (1994).
The matter of shape is more complicated. The contours represent the extremities
of voice production, and this necessarily implies that voicing at the contours involves
extra effort. The larger the phonetogram, the more likely the voice is to be relaxed
during normal speech. However, if normal speech is produced near the contours, this
suggests that the voice may require extra effort closer to the normal speaking area.
This should be reflected in any morphological measure which is to reflect robustness.
Some shape measures have been suggested (see, for example, Sulter et al. 1994, Heylen
1997), but none of these measures is commonly used by voice therapists.
In discussion with therapists at our and other clinics, it became clear that the
shape of the contour could be divided into three main areas, regarding the visual
interpretation of the phonetogram. The lower contour shape was seen as important in
regulating tension in the vocal folds. The upper contour was seen as having two parts.
The first is the sharply rising section, up as far as approximately five semitones above
the minimum f0. The second is the remaining flatter part of the upper contour. The
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first part of the upper contour was felt to be important. Experienced voice therapists
intuitively suggested that if the subject’s phonetogram had a less steep slope here, this
often coincided with a weak voice. There was no consensus on the possible relevance
of the second part of the upper curve. The establishment of the shape parameters
used in this study is documented in Chapter 3. These parameters are only reliably
generated from computer registrations of the phonetogram, and although they arise
out of the intuition and expertise of the therapists at the clinic, they remain unlikely
candidates for general use, unless the registration of the phonetogram becomes more
generally computerised.
1.3.2.1 Frequency measures
The frequency measures taken from the phonetograms were melodic range (Chapters 3
and 4), maximum and minimum frequencies for male and female subjects, and the
5-semitone speaking frequency for male and female subjects (Chapter 3).
1.3.2.2 Melodic Range and Maximum and Minimum f0
The melodic range is the maximum frequency range. As noted above, a large phon-
etogram allows a more relaxed space for the habitual speaking frequencies. A smaller
melodic range makes for a smaller phonetogram. Robustness is likely to be affected
by tension in the vocal apparatus (see section 1.1.2), and a small phonetogram would
limit the available area of frequency/intensity space away from the contours, where
the voice is relaxed. In Study I in Chapter 3, the melodic range of the risk group was
significantly smaller than the control group. The risk group had an average melodic
range which was 3.35 semitones less than that of the control group. Neither the
minimum nor maximum frequencies for either male or female groups was different
between risk and control subjects and the melodic range was a more discriminatory
measure of robustness for the Voice Strain groups.
1.3.2.3 5-semitone Speaking Frequency f 5st0
With regard to the robustness of a speaking voice, the habitual speaking frequency
of a subject should be in a phonetographic space away from the contours, in order
to avoid strain in voice production. Forming an opinion of the speaking frequency
for a manually recorded phonetogram is usually done by ear if the phonetogram is
only needed to support an existing assessment. However, if the phonetogram is to be
used for comparative purposes, the voice therapist marks an f0 which is 5 semitones
above the minimum f0. It is our experience that, in a normal healthy voice, this falls
within the area of the phonetogram where the subject habitually speaks. We used
this 5-semitone speaking frequency to compare the risk and control groups.
The male risk group had a higher 5-semitone speaking frequency (f 5st0 ) than the
male control group, with a mean difference of about 11Hz, being the difference be-
tween 135.09Hz and 124.25Hz respectively. Both of these values could be considered
as being on the high side for average male speaker values. The same could be said of
the female voices (see, for example, Colton et al. 1996). The speakers’ actual habitual
speaking frequency is probably lower than the 5-semitone frequency, and the voice
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therapists were not under the impression that the male risk group had higher speaking
voices than the male control group. This could mean that the speakers in the male
risk group have difficulty producing the lower frequencies in their range, which would
indicate poorer control over the lower frequencies. However, more likely is that the
5-semitone measure is not suitable as a representation of speaking frequency, as it
depends on the ability to produce low frequency values in the making of a phoneto-
gram, and not on the actual speaking frequency. This is discussed in more detail in
Chapter 4.
When the phonetogram data was examined in more detail in Chapter 4, five of the
phonetograms were discarded, as not all measures were available for these subjects.
The reduction in subjects resulted in a non-significant effect for melodic range, which
can be seen from Table 4.4 in Chapter 4. However, as pointed out in that chapter,
although the number of observations was very small, all frequency values indicated
smaller phonetograms for the risk group.
1.3.2.4 Intensity measures
The intensity measures taken from the phonetogram were maxima and minima for
men and women, the maximum intensity range (dynamic range), and the intensity
range around the 5-semitone speaking frequency f 5st0 (see section 1.3.2.3). As with
the melodic range, it is important that a speaker’s dynamic range is not too small
to allow easy variation in intensity during normal speech. If the habitual speaking
space in the phonetogram is too close to the extremities of intensity, then variation
in intensity during normal speech will involve extra effort, and probably indicates
susceptibility to strain. With respect to the teaching voice, this would clearly be
problematic. It is necessary to distinguish between the dynamic range at the habitual
speaking frequency, and the maximum dynamic range of the whole phonetogram.
The maximum dynamic range usually falls outside the habitual speaking area, and
may therefore have more implications for singing voices than for professional speaking
voices. Furthermore, Schutte (1986) reports phonetograms with a large dynamic range
but a narrow ellipse, with small intensity ranges at any given frequency. Intensity
ranges should also be examined at specific frequencies. We chose to look at the
intensity range at the speaking frequency, as this should be relevant to the teacher’s
voice.
The risk group had a significantly smaller maximum dynamic range than the
control group, with a mean difference of about 5 dB, being the difference between
40.31 dB and 45.44 dB respectively (see Study I). This, in conjunction with the lower
melodic range, shows that the risk group has a more limited frequency/intensity space
within which to speak. This, of itself, need not mean that the voice has to be strained.
None of the phonetograms recorded were small enough to suggest dysfunctional voice.
However, it strengthens the notion that the phonetogram size is a factor affecting
perceived robustness
The expectation was that the intensity range at the habitual speaking frequency
would be smaller for the risk group than for the control group, but no significant
difference was found between the two groups. This may be explained by the use of
the f5st0 measure. As suggested above, this measure was probably not the habitual
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speaking frequency for the risk group, and therefore, the dynamic range measured at
this point would have no bearing on the actual habitual speaking frequency.
In Chapter 3, the average minimum intensity produced by the risk group was
significantly higher than that of the control group. The ability to produce low intensity
is reported by others (Heylen 1997) as being important in the detection of voice
problems. In the Voice Strain risk group, it could be interpreted as representing
less control over the mechanisms regulating airflow through the glottis and over the
inspiratory and expiratory abdominal muscles.
Also in Chapter 4, we suggest a possible improvement on habitual intensity and
frequency measures, called the speaking field. We have no detailed experimental data
on this measure, but informal investigations show that the speaking fields of different
types of voice quality can be situated differently in the phonetogram. The closer
a speaking field is to the contours of the phonetogram, the more effort is invested
in speaking. Examples are given of normal conversational speech and performance
speech, which might be closer to classroom speech. The shape and location of the
speaking field differs according to speech task, and gives different information about
the voice.
1.3.2.5 Shape measures
Measures of shape were constructed from the phonetogram, in order to reflect import-
ant aspects of the phonetogram contour. Such measures were regression lines drawn
through salient aspects of the contour, as described in section 1.3.2 above.
The idea of using regression lines to characterise the shape of the phonetogram
can be found in other research (see, for example, Heylen 1997). The main difference
with the approach used here (see Figure 1.4) is that the upper contour is split into two
sections, at the suggestion of the voice therapists, who see an importance in visual
interpretation of the phonetogram in the low frequency part of the upper contour, as
distinct from the higher frequency part.
The only shape parameter which differed significantly between risk and control
groups was the steep part of the upper contour. The slope was steeper for the control
group than for the risk group. The lower contour has been suggested by Heylen (op.
cit.), as being useful in discriminating between normal voices and voices with vocal
nodules. If this could be more widely interpreted as discrimination between efficient
and inefficient voicing, then we might expect that the lower contour would be an
indicator for robustness. For the Voice Strain groups, however, that was not the case.
Although the female risk group produced a higher minimum intensity than the female
control group, the shape of the lower contour did not differ significantly between risk
and control.
The habitual speaking frequency generally lies in the lower end of the melodic
range. The ability to achieve normal or loud intensity, say between 70 and 85 dB,
during normal speech requires that the initial part of the upper contour must be steep,
so that these intensities can easily be reached in the habitual speaking frequencies.
In a phonetogram with an initially flat upper contour, where the speaking frequency
lies in a dynamic range with a maximum of, for example, 70 dB, the speaker is forced
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Figure 1.4: A phonetogram of a male speaker. The vertical line at 144Hz shows
the point f5st0 which is 5 semitones above the minimum f0. UC1 is the regression
line drawn through the points from the minimum f0 to the f
5st
0 in the upper
contour. UC2 is the regression line from f 5st0 to the maximum observed f0. LC is
the regression line drawn through the lower contour.
to move to a higher f0 than is habitual in order to speak loudly. This would require
extra effort, and possibly strain. Such a voice would not be robust in the classroom
situation. This is illustrated in Figure 4.1 in Chapter 4.
The steep part of the upper contour was cut off at the 5 ST point. As discussed
above, this is possibly not the ideal point. A better measure might be the slope above
the speaking field mentioned above in section 1.3.2.4.
1.3.3 Glottal closure measures
The measurement of glottal closure for this research was problematic. It is well
documented that the /æ/ vowel is not the ideal one for viewing the larynx. The /i/
vowel gives a clearer picture of the glottis during phonation (Hirano & Bless 1993).
However, the use of an /i/ vowel could cause the low first formant to interfere with the
inverse filtering procedure. Previous research by other researchers (Herteg˚ard 1994)
had used the /æ/ vowel for such simultaneous recordings with success. For these
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reasons, the /æ/ vowel was used in the speech material for the videostroboscopic
examinations.
Figure 1.5 shows the degrees of glottal closure from which the phoniatricians had
to choose in their assessment of the subjects.
Figure 1.5: Schematic images of degrees of vocal fold closure, with the corres-
ponding score for glottal closure above each image as used by the phoniatricians.
Score 1 depicts complete glottal closure. Scores 2 to 6, shown in the lower box,
show a gradual increase of opening along the length of the vocal folds. Scores 7
to 10 show more complex forms of closure, with anterior and posterior chinks, and
combinations of both.
Glottal closure for each utterance for each subject was judged by two phoniatri-
cians. In judging glottal closure in the recorded videos, the choice of vowel did have
the effect of obscuring the glottis, particularly in the cartilaginous part of the vocal
folds, where the expected differences in closure should have been visible. It was ex-
pected that the control group would differ from the experimental group in the degree
of closure used to produce loud voice, as compared to normal voice. However, the
exact degree of closure for these conditions was often obscured by the arytenoids, and
the observing phoniatricians were forced to make an estimation of closure, according
to their impressions, drawn from professional experience.
Practically, what this meant in terms of scoring procedures, was that a score of ≤ 4
would indicate that the phoniatrician could see closure as far as score 4 in Figure 1.5,
but was almost certain that it extended beyond the visible area to that covered by the
arytenoid cartilage. How this was dealt with in the analysis is explained in Chapter 3.
The difference between the risk and control groups was difficult to establish because
of the scoring procedures of the phoniatricians, but it could be established that the
risk group produced soft voice with more leakage as compared to the control group.
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1.3.4 Inverse filtering and electroglottographic acoustic measures
The inverse filtered signals have been parameterised by many researchers. In deciding
which parameter set to use, the initial choice was between using parameters fitted to
a voice source model (see, for example, Nı´ Chasaide & Gobl 1995, Gobl 1989), or
extracting parameters directly from the filtered speech signal, as for example in Alku
& Vilkman (1996) or (Herteg˚ard 1994). We chose the second option, as we were not
attempting to model robust voice, but rather describe possible correlations between
aspects of actual voice source and perceived robustness. In deciding which direct
measures to choose, two criteria were established. Firstly, the measures themselves
should be stable and robust. Secondly, they should be interpretable in terms of voice
efficiency, stability and tension in the voicing apparatus, as these were the aspects
which we suspected would affect robustness of the voice. These criteria are to some
extent in conflict with each other, as is evident from the considerations below.
1.3.4.1 Time-related measures
The open quotient (OQ) represents the proportion of the voicing period for which the
glottis is open. In terms of voicing behaviour, it has been linked to voicing efficiency,
and control over airflow through the glottis. The longer the glottis is open during
one voiced cycle, the more leakage, and the less efficient the sound production. The
speed quotient (SQ) represents the speed with which the vocal folds come together
during closure, and is reflected in the shape of the source wave. The greater the SQ,
the faster the closure of the glottis, and the more skewed the resulting waveform.
It is also linked with efficiency. As more effort1 is applied to close the vocal folds,
the SQ increases. Holmberg (1993) reviews a number of quotient measures, SQ, OQ,
closing quotient (ClQ), and the adduction quotient (AdQ). She states that there was
considerable redundancy in these measures and finally used only one of them, the
adduction quotient (closed time/period). Specifically, in Holmberg et al. (1988), SQ
was found to increase as OQ decreased.
Both OQ and SQ rely for their estimation on the location of the moments of
opening and closing of the vocal folds, and this can be problematic. A single moment
of opening is particularly difficult to identify, either in the EGG signal or the inverse
filtered signal, as abduction of the vocal folds is almost always a gradual process.
Identification of a moment of closure can be more difficult in the inverse filtered signal
than in the EGG signal, where a small hump is often observed in the production of
certain voice qualities, for example, pressed, or normal or loud voice. Such humps have
been found in Cranen & Boves (1987, 1988), Herteg˚ard (1994), where it is suggested
that this may be caused by the vertically travelling mucosal wave or by forceful
displacement of the intraglottal air.
Anticipating some difficulty in automatically but accurately locating moments of
opening, we decided to estimate opening and closure from both the EGG signal and
the inverse filtered flow signal. From these four moments, we calculated three different
measures of open quotient. The first measure was calculated from the EGG signal,
1By “effort” is meant the degree of muscular tension applied in producing the settings for
phonation—of itself, phonation is not usually a consciously controlled process.
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where the moments of opening and closure were estimated as the zero crossings on
the derivative of the EGG waveform. The second was calculated from the flow signal,
where, looking ahead of time, closure is defined as the moment where the glottal
flow derivative exceeds for the first time 50% of its minimum. For the moment
of opening, a similar criterion is used, based on where the derivative reaches its
maximum. Starting at the maximum, and looking backward in time, the moment of
glottal opening is defined as the moment where the glottal flow derivative for the first
time drops below 50% of its maximum. The third measure was a mixture of the first
two, where the closing moment was taken from the EGG signal, and the moment of
opening was taken from the flow signal.
EGG measurements have the advantage of being direct physical measurements,
as compared to inverse filtered source signals. If the OQ measure calculated from the
source signal can be shown to correlate highly with the OQ measure calculated from
the EGG signal, then the source signal can be used with more confidence for para-
meter extraction. Furthermore, in Chapter 6, we compare the effect of the flowmask
on subjects, and for this comparison, the speech signal and the flow signal are separ-
ately analysed. The EGG signal is the only connection between mask and no-mask
conditions. If the OQ measure from EGG and source signals are sufficiently similar,
then the OQ from the EGG signal could be used to make a direct comparison between
the two conditions.
Figure 1.6 shows the comparison of the three measures OQegg, OQef , and OQflow.
OQegg is the measure calculated from opening and closing moments from the EGG
signal. OQef is the measure calculated using the opening moment from the EGG
signal and the closing moment from the inverse filtered source signal, and OQflow is
the measure calculated from the source signal alone.
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Figure 1.6: Scatterplots showing the correlation between three measures of open
quotient. OQegg is calculated from opening and closing moments from the EGG
signal. OQef is calculated using the closing moment from the EGG signal and the
opening moment from the inverse filtered source signal. OQflow is calculated from
the source signal alone. Filled symbols indicate the flow signal, and empty symbols
indicate the microphone data.
We can see that the EGG and source measures correlate well (R = 0.91), but we
might have expected something higher. The OQef and OQflow are almost perfectly
correlated (R = 0.99). This indicates that the variation is in moment of opening,
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which is not surprising, given the gradual nature of opening. In deciding which
measure to use for representation of the voice source, we weighed the independence of
the EGG signal from errors or anomalies in the inverse filtering against the importance
of drawing measurements from the derived source itself. In the end, we consider that
the inverse filtering procedures used for this research are adequate for representing
the source, and that the difference between parameters derived from EGG and source
signal is, in any case, not very large. Although we would have preferred to see a higher
correlation between OQegg and OQflow, we chose for the OQflow measure, which, in
the remainder of this research will be referred to simply as OQ. In the same vein, we
also calculated SQ from the inverse filtered source.
The EGG signal was therefore used as an aid in inverse filtering. The voiced
sections of the time-derivative of the filtered EGG signal were used to determine the
time of closure for each period, using a peak-picking algorithm which detected maxima
and minima. Maxima were passed on to the inverse filtering procedure, where they
were used as indicating the start of the closed glottis interval.
In the comparison of microphone and flow recordings in Chapter 6, significant
differences were found for SQ and OQ. OQ values were smaller and SQ values were
larger for mask recordings, supporting the hypothesis that the mask produces a more
efficient and focussed mode of phonation. For the Voice Strain groups in Chapter 7,
the risk group has a higher SQ and OQ than the control group, which would imply
that the risk group puts more effort into closing the vocal folds, and still has less
control over the airflow passing through the glottis than the control group.
1.3.4.2 Spectral measures
We considered two spectral measures, namely H1-H2, and a form of spectral slope.
The ratio in amplitude between the first two harmonics, on a log scale H1 −H2 and
therefore written as H1-H2, has been found to correlate with both breathiness (Henton
& Bladon. 1985) and creaky voice (Klatt & Klatt 1990). As glottal leakage during
phonation is an indication both of breathiness and inefficiency, this was an obvious
measure to investigate with regard to perceptual robustness of the Voice Strain groups.
The measure has also been related to the transition of voice register from chest to
falsetto, (see, for example, Sundberg & Kullberg 1999), but this relationship would
not be found in our data, as all data was produced in chest register. Spectral slope is a
difficult measure to estimate. We had calculated a slope measure by fitting a regression
line through the peaks in the inverse filtered signal (assumed to be harmonics) lying
in the range from 2f0 to 1000Hz. In Chapter 2, the statistical analysis of the data
is considered in detail, and a decision was taken not to use the slope data in the
results presented in the later chapters. This was partly because there were so many
measures to be passed on to the analyses of variance that the probability of finding
a significant result by chance was quite high. To reduce the chance of occurrence of
this type of error, we excluded some of the original measures, one of which was the
spectral slope. It was really quite a rough measure, and H1-H2 was considered more
robust. In the methodological study in Chapter 6 comparing microphone recordings to
flow recordings, the H1-H2 measure was larger for flow recordings than for microphone
recordings, indicating a more efficient closure. For the Voice Strain data in Chapter 7,
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the flow data for the risk group showed significantly larger H1-H2 values, indicating
that the risk subjects phonated less efficiently during the flow recordings than the
control subjects.
1.3.4.3 Amplitude-related measures
We also calculated the amplitude-related measure of AC, the peak-to-peak amplitude
of the source wave, and the maximum flow declination rate, MFDR. The DC com-
ponent of the source wave was also measured in recordings made of the oral flow.
The MFDR parameter was excluded from the statistical analysis, again because of
the number of parameters to be tested. As it could be sensitive to the low pass
filtering (Strik 1997, Alku & Vilkman 1995) which was carried out on the signal, it
was considered less robust than AC. AC values were not significantly different for the
risk and control data of the Voice Strain groups. In contrast to the flow recordings,
each of which was calibrated, we did not record the absolute sound pressure level
(SPL) for the microphone data. However, for each of the microphone recordings, care
was taken to operate with the same gain settings, and to place the microphone at
a fixed distance from the mouth. Lack of absolute SPL registration meant that the
amplitude measures were not directly comparable across flow and microphone data.
However they were comparable within microphone sessions and within flow sessions.
The DC measure was present only for the flow data, and was therefore not used in
the comparison of flow and microphone data. In the comparison of risk and control
data for the Voice Strain group, DC values were higher for the risk group than for
the control group. The interpretation of DC values is difficult, and is addressed in
Chapter 6. Given the results for the spectral and time-related parameters, it seems
reasonable to assume that, in this case, the difference represents less efficient voicing,
and increased leakage in the risk group.
1.4 Notes on intensity parameters
In each study, reference is made to some kind of intensity parameter. In Chapters 3
and 4, parameters are reported on which are drawn from the phonetogram or from
the analysis of a sustained /æ/ vowel registered by the KAY CSL computer program.
For the phonetogram recordings, subjects produced voice at a distance of 30 cm from
the microphone, as required by the program for calibration. The intensity produced
by subjects for the phonetograms was then registered as the Sound Pressure Level
(measured in dB). For the extraction of shimmer, using CSL, the recordings were also
produced at a fixed distance from the microphone. The intensity-related parameter
shimmer is also measured in dB.
In Chapters 5 to 7, the intensity parameters are either related to the spectrum
(H1-H2), or to the waveform (MFDR, DC and AC). The spectral parameter, H1-H2,
is a relative measure, and is represented in dB. The waveform parameters, MFDR,
DC and AC are represented arbitrary units, as the absolute sound pressure level was
not recorded (see section 1.3.4 above).
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1.5 Summaries of the research studies in this dissertation
The studies in this dissertation are comprised of five individual pieces of research.
Study I concentrates primarily on the examination of standard clinical measures.
As a result of this study, Study II looks more closely at the phonetogram in the
characterisation of the speaking voice. Study III was an attempt to confirm a standard
assumption in voice source analysis, namely that the inverse filtered microphone signal
represents the same information as the inverse filtered flow. As it was unexpectedly
difficult to demonstrate this, a new experimental setup was conceived of, wherein
we could further examine the reasons for the unexpected findings of Study III. The
results of this make up the substance of Study IV. Study V looks at the use of inverse
filtering to characterise the difference between a risk and control group of student
teachers. It should have been the study following directly after Study I in the original
plan for this research, but the methodological questions that arose in the process had
to be investigated and answered first. In this way, this dissertation is a combination
of the analysis of clinical voice data and a number of methodological studies. Some
of the studies have been published already, and are cited in the reference list. The
remaining studies will be submitted shortly.
1.5.1 Study I
This study was the first in a series which was intended to investigate the difference
in perceived robustness between a risk group and a control group, in the voice strain
project. The purpose of this study was to see if the standard measures available to
the voice clinician can indicate perceived robustness in the voices of student teachers.
Two groups of subjects, a risk and control group, were examined for this research.
The risk group consisted of 37 students at a teacher training school in Nijmegen,
all of whom were perceived by the voice therapists to have non-robust voices. The
control group was a small group of 9 students at the same teacher training school,
supplemented by 16 members of the normal population. This group had healthy vocal
folds and voices which were not judged as non-robust.
We specifically chose to look at measures normally used for voice assessment at a
standard voice clinic in the Netherlands. The voices of the subjects under investig-
ation were all healthy, with no vocal fold pathology and no reported voice problems
reported by the subjects themselves. Therefore, any differences that we might find
were expected to be minimal. However, as there were perceived differences between
the groups, we did expect to find some differences in the measures that we examined.
Of the measures which were taken of the voices of the risk and control group,
maximum phonation time measured with a stop watch, melodic range, and maximum
intensity range from the phonetogram, and the change in degree of glottal closure
from normal to soft voice were found to be indicative of robustness. Degree of glottal
closure was judged from video recordings of stroboscopic examination using a flexible
endoscope inserted through the nose.
Maximum phonation time was lower for the risk group than for the control group.
This measure is affected by lung capacity, control of airflow from the lungs through
the glottis, and glottal leakage. These are all aspects of the ability of a speaker to
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control the voice, and we suggest that the risk group has less control over these aspects
than the control group.
Melodic range and maximum intensity ranges both reflect vocal capacity, and the
ability to regulate the frequency and intensity of the voice. The smaller melodic range
of the risk group may be a result of poor control of the range of laryngeal muscles
involved in the regulation of frequency of vibration of the vocal folds. The smaller
intensity range found in the risk group may be indicative of poorer control of the
inspiratory and expiratory abdominal muscles, which regulate intensity. Poor regu-
lation of intensity may also affect the regulation of frequency, with either insufficient
force being present to produce the higher frequencies, or insufficient control over soft
voice, for the production of the lower frequencies.
The difference in degree of glottal closure between normal and soft voice was
greater for the risk group than for the control group. The risk group produced soft
voice with a greater degree of glottal opening than the controls. This indicates lesser
control of vocal efficiency at low intensities. Although this is not obviously connected
with robustness, it reflects less control over intensity regulation, which we see in the
phonetogram parameters. Better control over intensity regulation in the control group
may indicate better overall vocal control.
More indication of difference between the groups had been expected of the glottal
closure scores. In particular, we expected to see a difference in the production of loud
voice, as this would be the most relevant to robustness in the teacher’s voice. We did
not find this difference, due to the choice of vowel for the endoscopic examinations. As
the voices were recorded for further analysis, using inverse filtering, an /æ/ vowel was
used. During the judging of the video recordings of vocal fold activity, the arytenoid
cartilage obscured the cartilaginous section of the glottis, which is precisely where the
differences were expected. The phoniatrician could therefore give no exact judgements
in these cases.
Where differences could be found between the risk and control groups, we suggest
that the parameter is indeed linked with both the perceived and actual robustness of
the voice.
1.5.2 Study II
Following on from the first study, we decided to further examine the phonetogram
as a tool for examining teachers’ voices. Other recent research suggested that not
only was the phonetogram a suitable analysis tool, but that it should be considered
in terms of more than just frequency and intensity measures.
In this study, we examined phonetograms of the risk and control groups from
Study I. We present an extended set of frequency and intensity data, along with three
additional measures of shape. The first of these is the slope of the lower contour, which
has been measured by other researchers (Heylen et al. 1996). The second and third
are two slope measures calculated from the upper contour of the phonetogram. The
upper contour was split at f5st0 , the point which was 5 semitones above the minimum
f0—a point often considered close to the habitual speaking frequency of the voice.
The first, smaller part of the contour rises steeply, whereafter, it flattens out.
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In terms of voice production of teachers, we suggest that the ability to phonate at
habitual speaking frequency at intensities of 75 to 80 dB (measured at 10 cm distance)
is necessary for standing in front of a class. This intensity range should be reached
with ease. If, at habitual speaking frequency, the speaker is straining to reach the high
intensities, or if the speaker is forced to phonate at a substantially higher frequency
than the habitual one, then there will be an increased vocal load, which we believe
would make the speaker susceptible to voice strain. The slope of this part of the
upper contour was steeper for the control group than for the risk group. The slope of
the remaining part of the upper contour was not significantly different between the
control and risk group. Other parameters indicated smaller phonetograms for the risk
group than for the control group.
The small differences between risk and control data for the standard phoneto-
graphic parameters were not considered as greatly adding to our understanding of
robustness in the speaking voice. Although problematic voices tend to have smaller
phonetograms than normal voices, and we were therefore able to predict that this
would be the case for the risk group, there is no direct evidence that a slightly smaller
phonetogram affects the robustness of the speaking voice.
The new slope parameter may, in theory, be more informative. However, lack
of an acceptable measure of speaking frequency, used in the estimation of the slope
parameter clouded any proper interpretation of the apparently steeper slope for the
control group. In looking for a solution to this, and for measures more related to the
speaking voice, we present some examples of real-time recordings of speaking fields
placed within the phonetograms of the speakers. The examples are discussed in the
light of possible further research into the relationship of the speaking field with the
phonetogram.
1.5.3 Study III
In this research, we try to explain the unexpected results from a comparison of the
parameters extracted from oral airflow data and microphone data, after inverse filter-
ing. The subject group was the same as for Studies I and II, but was treated as one
group, separated for sex.
The initial purpose of the comparison of flow and microphone data was to confirm
that the parameters extracted from both sorts of data were similar, as the theory sug-
gests (Flanagan 1972). Initial simple statistical analysis, using t-tests and correlation
tests, suggested that not only were the parameter values from the flow data different
to those of the microphone data, but that the differences were seemingly systematic
and significant.
Although the flow and microphone data were taken from separate utterances,
those utterances were from the same subject in the same recording session, for which
there had been a warm-up and practice session, so that the subjects were familiar
with the procedures. While small differences might have been expected, we did not
expect systematic differences between mask and no-mask (flow and microphone) con-
ditions. This study shows how the steps of the experiment, from the recordings to
the statistical analysis, were checked for errors.
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Firstly, the signal processing steps were repeated. An adjustment to the calcula-
tion of the spectral parameters was made which excluded frequency elements above
1 kHz. Previously, we had worked with frequencies up to 1.5 kHz. This change was
made to see if possible distortion above this frequency had affected the results. After
complete checking of the processing, the results of the comparison of mask and no-
mask conditions were not different.
Secondly, we compared results from a different experimenter. As much of the
inverse filtered data had to be checked by hand, and assessed for acceptability, it
was possible that the manipulation of inverse filter settings was so subjective that it
affected the results. The adjustments made to the filter settings by the second exper-
imenter were not much different from the results obtained by the first experimenter,
and the results still presented the same picture.
Having found no systematic errors in the processing, neither in the objective nor in
the subjective procedures, we turned to the statistical analysis. The initial statistical
analysis may have been too simplistic, although it was decided on in the expectation
that the correlation between the two datasets would be very high. We now decided
to apply a more formal analysis. The considerations in the choices that were made
are explained in detail in Chapter 2. Using the statistical package R (R Development
Core Team 2003), a type II analysis of variance was carried out on the data, and the
groups were separated for sex. The difference between mask and no-mask conditions
was still present. H1-H2 was lower for both male and female groups in the mask
condition. SQ was higher for the male group, and less spread. OQ was lower for both
groups.
Despite careful checking, re-processing and re-analysing of the data, we still find
systematic differences between the mask and no-mask conditions. We suggest some
possible explanations for this. Firstly, normal within-subject variation may be re-
sponsible for the results. We only had one recording of each condition per subject,
and so had no estimate of normal variability from one utterance to the next. Further-
more, a speaker may use more than one strategy to produce a given voice quality. A
louder voice may be produced with extra subglottal pressure, or a greater degree of
glottal closure during phonation, or a combination of both. Secondly, there may have
been a psychological effect of the mask on some or all of the subjects. Even with the
limited recordings that were made, it was sometimes apparent to the experimenter
that the subject was uncomfortable with the procedure. Thirdly, we considered that
the acoustic distortion caused by the mask may have been responsible for the observed
differences.
Conclusions from this study were that an improved experimental design, such as
multiple recordings of an experienced experimental voice, in very controlled conditions
might rule out problems of within-subject variability, discomfort caused by the mask,
and the effects of voicing strategy, would be necessary to show whether the differences
observed in the subject group represent a real effect of the flow mask.
1.5.4 Study IV
The purpose of this study was to investigate whether, following from Study III, there
was a real effect of the flowmask on phonation. The subject was a female phonetician,
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with experience in producing experimental speech.
Ten repetitions of the syllable /pæ/ were produced in two different orders, and
three different voice qualities. The production orders were consecutive production of
ten utterances of the same voice quality, or separate production of each of the three
voice qualities, one after the other. This series was repeated ten times. The three
voice qualities were modal, breathy and creaky voices. The recordings were monitored
by an experienced voice therapist, who ensured that the intended voice qualities were
produced. The signal processing procedures were identical to those used in Study III.
The statistical analysis was the same as that of Study III, except that we began with
a multivariate analysis of variance, to see which of the parameters should be further
examined.
The analyses of variance, after consideration of outliers and interaction effects,
showed that the production order did not have a systematic effect on the data. Re-
markably, despite the controlled nature of the recordings, the range of values produced
over both sets of production orders is quite large. The fact that the consecutive utter-
ances do not produce more clustered parameter values than the separate utterances
gives some impression of how difficult it is to produce very stable voice, even inten-
tionally.
A systematic difference was found between mask and no-mask conditions for the
parameters H1-H2, SQ and OQ. H1-H2 values were lower for the mask condition,
except for breathy voice. OQ values were also lower for breathy and creaky voice
for the mask condition. SQ values were higher for creaky and modal voice. For the
conditions for which systematic differences were not found, we suggest that, given the
difficulty of producing homogenous voice qualities, and the resulting variability in the
source parameters, it is possible that effects which were there were obscured. These
might have been easier to detect if the dataset had been larger. The results broadly
corroborate those in Chapter 5. The effect of the mask is seen as possibly producing
a more efficient phonation. We suggest that the muﬄed auditory feedback may be
responsible for this, influencing the speaker to focus more on producing the intended
voice quality. The smaller spread observed in mask values may also reflect this extra
focussing.
It is interesting that the mask may have the effect of reducing variation in voice
quality subconsciously, while the speaker was not able to limit variability consciously,
even in producing ten consecutive utterances in a specified voice quality.
The effect of the mask, although sometimes accounting for up to 75% of parameter
variance, was not sufficient to obscure larger differences between the different voice
qualities. The effect, although small, may be important in work where vocal efficiency
is studied. The mask may indicate a more efficient voice than would have otherwise
have been produced.
1.5.5 Study V
The purpose of this study was primarily to continue the investigation of the difference
between the risk and control groups in the Voice Strain project, looking at data from
inverse filtered speech recordings. Having established that the flowmask can have a
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significant effect on phonation, the risk and control groups were separated for sex and
for recordings made with and without the flowmask. We therefore had four groups
of recordings, namely male flow recordings, male microphone recordings, female flow
recordings and female microphone recordings. The recordings consisted of repetitions
of the utterance /pæ/, in four voice qualities, normal, loud, soft and low.
Secondary purposes were to see if the results from Study I, where glottal closure
scores were analysed, were reflected in the glottal flow parameters, and to check for
an influence on voicing of the endoscope which may require further interpretation of
results.
In looking for a difference between risk and control groups, we found that, for all
groups of recordings, the OQ was significantly larger for the risk group than for the
control group. For the female groups, SQ was also significantly larger. For the female
flow recordings and the male microphone recordings, H1-H2 was significantly larger
for the risk group. For the female flow group, DC was also significantly different,
being less spread and slightly higher. The higher SQ values for the female groups,
along with higher OQ and H1-H2 values is interpreted as an increase in vocal tension,
coupled with less efficiency. The male groups did not show the increase in SQ, and
may have been identified by the voice therapists as being non-robust because of some
degree of audible glottal leakage. We suggest that a degree of audible breathiness
alone in female voices will not always be perceived as non-robust or inefficient, as
this is often a characteristic of the female voice. The combination of glottal leakage
with increased tension may have been the perceptual trigger for the identification of
non-robust voice in the female groups.
The comparison of the inverse filtering results with the stroboscopic data from
Study I did not confirm the results that we had found in Study I, namely that the
difference in degree of glottal closure between normal to soft voice was greater for
the risk group than for the control group. We believed the reason to be the choice
of vowel for the stroboscopic examinations. An /i/ vowel would have afforded a
more complete view of the glottis, but would have been problematic for the inverse
filtering, as the first formant region would have coincided with that of the fundamental
frequency, certainly for the female groups. The choice of the /æ/ vowel meant that
the cartilaginous part of the vocal folds was obscured by the arytenoid cartilage. The
results from Study I may have been due to inability to estimate the real difference
between the risk and control production of soft voice. The inverse filtered source signal
measures did not reveal any such difference, and we believe that the imprecision of
the glottal scores, as detailed in Study I, makes that source of data less reliable than
the inverse filtering data. Neither was any difference found between normal voice and
the other two voicing condition, soft and low.
We expected to find a clear effect of the endoscope on the voice, but this was
not forthcoming from the statistical analysis. A small effect was found for the fe-
male microphone recordings, where SQ and OQ were smaller for the risk group. We
speculate as to the possible variation in laryngeal tensions which might produce such
a difference, but conclude that the strong impression of an effect of the endoscope
built up by the experimenters during the recordings, and by the analysts processing
the recordings, was not to be found in the section of speech that we recorded. The
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difficulty in phonation introduced by the presence of the flexible endoscope is most
obvious at voice onset. This is precisely the area of the recording that the automatic
inverse filtering procedures are least equipped to filter, being unable to deal with
rapidly changing configuration in the vocal tract.
1.6 Discussion and conclusions
1.6.1 Considerations regarding the project design
There were a number of design problems with the project. The subject group was quite
large, and although large within subject variability has been documented (Holmberg
1993), single recordings were preferred over multiple recordings of each subject. This
is understandable, when one considers that the subjects were mainly young, experi-
mentally naive students, and that the recording techniques could be invasive, uncom-
fortable and quite daunting, particularly the insertion of a flexible endoscope through
the flow mask.
The choice of the /æ/ vowel for the endoscopy recordings was also not ideal. Al-
though it is known that the /i/ vowel affords the best view of the vocal folds, research
done by Herteg˚ard (1994) shows that it is also possible to obtain a good view of the
vocal folds using the /æ/ vowel. The intention to inverse filter the signals collected
simultaneously with the recordings of stroboscopic data led to the choice of the /æ/
vowel, and the difficulties which subsequently arose, detailed in Chapter 3, were not
anticipated. However, the subjects used by Herteg˚ard were all trained voice users,
whereas our groups were untrained, and their naivety with regard to the production
of data suited to the intended analysis, coupled with their untrained voices affected
the quality of the stroboscopy recordings.
Another problem was the expectation that speech recordings made with a mi-
crophone would be similar to flow recordings made with a flow mask, if the same
instructions were given to the subject. Although this turned out to be incorrect, it
was based on sound theory that the two signals should represent the same informa-
tion (Flanagan 1972). Comparison of these signals was performed as a routine check
on the data, and was not expected to deliver the differences documented in Chapters 5
and 6.
That there was insufficient data for proper phonetographic analysis is regrettable,
as so much time and effort went into recording the phonetograms, on the part of
both subject and voice therapist, only to discover later that the small sample size
meant that the tendencies that we believe we see in phonetograms of non-robust
voices cannot be stated as strong conclusions. This problem, and problems with
the statistical analysis of the rest of the data, detailed in Chapter 2, underline the
importance of proper consideration of statistical power and sample sizes before the
data is collected, and the importance of analysis of small subsets of the data as it is
collected in order to assess subject variance for a given subject group.
The problems with the project design were not always insurmountable, and some-
times raised methodological issues which might not otherwise have been considered.
For example, the recording of separate data to investigate the effect of the flow mask
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was an interesting experiment born of the unexpectedness of the results arising out of
the comparison of flow and microphone data of the risk and control groups. Not only
could we conclude that there was an effect on voicing caused by the flow mask, but
there is the suggestion that control of voice quality parameters is difficult to produce
consciously, at least for this single subject.
The difficulty of assessing video stroboscopic recordings of the /æ/ vowel led to the
consideration of research on the location of the ideal vowel for simultaneous speech
and stroboscopy recordings. The question of robustness, as related to degree of glot-
tal closure, remains of great interest to us, and it would be worthwhile trying out
successively more fronted vowels as speech material, until we find one which can be
both easily viewed using endoscopy and successfully inverse filtered using automatic
procedures.
The analysis of the phonetograms yielded so little conclusive information that
was considered relevant to the speaking voice that thought was put into finding in-
formation which would be relevant. Had the sample size been greater, we might
have found, statistically, that standard measures could be associated with robustness,
and the notion of the speaking field might not have surfaced. Now, there is the im-
petus to continue research on phonetogram measures which relate more directly to
the speaking voice.
The stimulation and reflection that was provided by the difficulties inherent in
analysing this data have made this study particularly challenging, and ultimately
also intellectually rewarding.
1.6.2 Summary of the conclusions from the project
In looking at voice quality in this research, we have reached a number of conclusions.
The first of these is that it is possible to find a set of objective measures which
reveal systematic difference between two groups of subjects, one of which is judged
to have a less robust voice than the other. These measures are listed below:
- maximum phonation time
- melodic range
- maximum dynamic range
- minimum intensity
- initial slope of upper phonetogram contour
- change in glottal configuration from normal to soft voice
- open quotient
- speed quotient
- difference between the first and second harmonics
- DC flow from the inverse filtered signal
These measures can all be related to physiological aspects of robustness, including
efficiency, control, and tension. It would be an interesting next step to use these
measures for the examination of further groups of student teachers, and teachers with
real voice problems.
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A second conclusion is that the currently available tools and measures available
to the voice community can be used to characterise the voice source sufficiently to
reveal this subtle difference. However, some of the analysis tools might be put to
better use in looking at the speaking voice. For example, the phonetogram, which
produced a number of measures which could differentiate between the two groups,
is not currently used to measure the speaking field in relation to the phonetogram
contours. In an assessment of problematic voice, there is much more that this method
of voice analysis could provide which would involve computerised phonetography.
Further, it seems worthwhile to investigate the use of different vowels for simultan-
eous recordings of microphone speech or flow, and video stroboscopy together, if the
speech is to be inverse filtered. The simultaneous recording of different types of data
is desirable if within-speaker variability is to be reduced as much as possible. From
studies in this dissertation, it is clear that within-speaker variability is large, even
for trained speakers, and may have obscured some of the effects we expected to see.
It would be interesting to test the visibility of mid-front vowels like /e/, where the
first formant frequency, which is around 400Hz, should not interfere too much with
f0 values. This would not allow for much variation in pitch, but soft voice quality,
which seems to be an indicator of control, should be measurable. Also, it would be
interesting to see if the expected differences between robust and non-robust voices in
the production of loud voice, which we could not see due to the choice of vowel, could
be found using a different speech token.
In further research into the professional voice, it would be useful to collect data
from the working environment for determination of the voice characteristics of actual
vocal load during the day. Some aspects of the voice relating to vocal load have already
been investigated using non-invasive techniques (see, for example, Buekers 1998, Szabo
et al. 2001). Collection of speech for inverse filtering, which might then be used for
correlation with this type of data, would have to be carried out using a similarly
non-invasive procedure. Although this would entail the loss of DC information from
the waveform, it is still unclear how the DC flow should be interpreted (Cranen &
Schroeter 1995), and it may be that its use, as discussed in Chapter 6, in describing
voice quality is limited. Part of the research for this dissertation also involves assessing
what the effect of the flow mask is on voicing behaviour. Experimental work and
results are presented in Chapters 5 and 6, where we conclude that there is an effect of
the flow mask on voicing. For this type of research, then, it seems that the microphone
recordings might be preferred over the flow recordings, which remain largely limited
to laboratory experiments.
It seems clear that the performance of a specific speech task can produce different
voicing than normal speech. For the phonetogram, it is sometimes difficult for a
subject to produce frequencies and intensities for the phonetogram which are easily
reached during speech. This insight is useful in assessing aspects of control, and in the
assessment of measures such as a speaking field. However, given the variability in voice
parameters that was seen in the single trained speaker with a fully functional voice,
when asked to perform specific speech tasks, care should be taken in interpretation
of aspects of control derived from experimental speech.
The measures named as indicative of aspects of robustness were mostly only
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slightly different between risk and control groups. When such small differences are
found between two groups, their salience might be questioned. However, regarding
robustness of voice in student teachers, it may be precisely these very small differ-
ences which become exaggerated during the teachers occupational experience, with
control diminishing and tension increasing over time. This is something that should
be tested, in order to know whether the results of this kind of research could be useful
in preventative voice training.
1.6.3 Directions for future research
As indicated in section 1.6.1, a number of methodological questions have arisen which
we consider worthy of further investigation. Firstly, the idea of conscious control of
voice quality, and the effect of the flow mask, or any other obstacle to natural aural
feedback to the speaker, seem interesting topics to pursue.
Secondly, the establishment of suitable speech material for simultaneous recordings
of speech and stroboscopic data would be worthwhile, as we believe that degree of
glottal closure is probably related to robustness, and that it should be reflected in
inverse filtering parameters.
The investigation of the speaking field in the phonetogram, and its relation to the
phonetogram contours is another avenue of interest for further research, arising out
of this work.
All of this methodological work might be combined in research such as an interna-
tional project on professional voice, where data and measurements could be made in
a number of places, on both trained and untrained voices, and with due consideration
given to experimental and analytical procedures.
A total database could then be formed which might be analysed by all participant
researchers, so that results could be compared. The findings regarding the flow mask
could then be either corroborated or disputed, and if corroborated, extended to a
wider population than just the single subject. Psycholinguistic aspects of conscious
versus unconscious control of the voice might be explored.
If successfully recorded video data of glottal closure can be related to voice para-
meters from non-invasive techniques such as inverse filtering on a large scale, using
both experienced and naive subjects, then we may be more confident in the use of
inverse filtering to describe glottal behaviour in the general population. Further devel-
opment of the parameters to be extracted from the glottal source could be considered,
where current parameters appear to be inadequate.
If the speaking field can be established as an informative measure of voice qualit-
ies such as robustness, then it could be introduced as an assessment tool which could
measure voice and monitor progress in therapy. It may also give information regard-
ing conscious voice control (phonetogram contour) versus subconscious voice control
(contours of the speaking field).
We believe that voice training or therapy can help to prevent voice problems in a
non-robust voice, but also that it would help to avoid voice problems in professional
speakers who have robust voices as well. We also know that there are many more
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factors, other than robustness, which are associated with voice problems, like psy-
chological or emotional problems, environmental aspects (for example poor classroom
acoustics) and general health. A longitudinal study would be interesting to set up for
assessing the preventative effect of training on the non-robust and robust professional
voice over a decade or so, for estimating the most important factors in maintaining a
healthy professional voice, and for assessing the contribution of acoustic and aerody-
namic measures to our understanding of voice problems in the professional speaker.
Methods of Voice Analysis. . . 33
2 Statistical Analysis
An explanation of the choices made regarding statistical procedures
in this research
2.1 Purpose of this chapter
The purpose of this chapter is to present our approach regarding statistical analysis
to the two datasets in this dissertation. This chapter was considered necessary, as
the approach developed during the analysis of the different datasets pertaining to this
research. In an ideal experimental setup, the statistical analysis is decided upon in
advance of any experimental work, and is possibly slightly adapted, as the data is
collected.
In this research, however, the initial approach to the analysis before the data was
collected was very simple, due to strong expectations about the results. We expected
to find a clear distinction between the risk and control groups in the Voice Strain
data. The perceived effect of the endoscope was also so strong that the differences
here were expected to be easily detected. We expected that the parameters extracted
from the flow data and the microphone data would not be different, and that there
would be a strong correlation.
We expected that differences should be clear enough to demonstrate using t-tests,
and that similarities could be clearly enough demonstrated with correlation tests.
This was not the case.
The differences between the risk and control group could be demonstrated us-
ing this approach when analysing the voice using the standard voice clinic meas-
ures. For the phonetographic data, we used the normative data collected in Heylen’s
thesis (Heylen 1997) to retrospectively estimate relevant effect sizes for problem voices.
In Chapter 4, we suggest that the dataset was too small to be able to report signi-
ficant effects, and this should be borne in mind in reading the phonetographic data
presented in Chapter 3. We had chosen an arbitrary significance level of p ≤ 0.05,
which would have been too large, had we been considering differences between dys-
functional voice and normal voice. The differences that we highlight in Chapter 3 are,
however, in agreement with findings from other research, and we believe that they
are still relevant measures with respect to robustness of the voice, considering that
the voices under observation were all normal and non-pathological.
When we came to examine the inverse filtered data, the results of simple statistical
testing did not demonstrate our expectations, which led to a reappraisal of the entire
experimental process. Part of this was the statistical analysis, and it was decided
that the complexity of the datasets warranted a more complex analysis. This chapter
charts the development of the approach that was finally used.
2.2 Description of the Data
There are two datasets used in this research. They are referred to as the Voice
Strain Data (VS data) and the Single Subject Data (SS data). The description of
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the inclusion criteria for the Voice Strain groups is covered in detail in Chapter 3, to
which the reader is referred. The description of the single subject data is found in
Chapter 6.
The VS data consisted of 60 subjects, producing 551 cases in all. The depend-
ent variables (DV) were initially OQ, SQ, H1-H2, Spectral Slope, MFDR, AC and
DC. The independent variables were sex, mask/no-mask, endoscope/no-endoscope,
risk/control and voice quality (normal, loud, soft, low).
The final statistical results presented in the papers discussing the effects of the
mask, the endoscope and the factor risk/control are from Type II ANOVAs for
males and females separately. It is worth noting here the breakdown of numbers
in each of the factor levels for the factors under investigation, namely mask/no-mask,
endoscope/no-endoscope and risk/control.
Table 2.1: Table showing the number of cases in each level of the factors risk,
flowmask (mask) and endoscope (endo) under investigation, broken down by sex.
Female group
risk group control group Total
mask no mask mask no mask
endo no-endo endo no-endo endo no-endo endo no-endo
56 69 64 84 43 44 40 50 450
Male group
risk group control group
mask no mask mask no mask
endo no-endo endo no-endo endo no-endo endo no-endo
9 13 12 9 15 17 12 14 101
551
The SS data consisted of one subject, producing 120 cases in all. The dependent
variables were the same as for the VS data, with the exception of MFDR, AC and DC,
as these could not be compared across mask conditions. The independent variables
were mask/no-mask, voice quality (breathy, modal, creaky), and production order
(consecutive, separate).
2.3 Discussion of the lack of a power calculation.
It is obviously preferable to begin the analysis of a dataset such as ours with a power
calculation made during the initial experimental design. In this project, there was no
such power calculation. There are two reasons for this. For the VS data, the design
was set up, and a limit was placed on data collection when the current researcher
took over the project. However, more importantly, there is no real way to estimate
a reasonable minimal relevant difference. There is insufficient normative data on the
voice source to be able to make such an estimate.
If sufficient normative data is established in the future, we may then have a better
idea of whether our results represented real differences between levels of the factors
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that we look at here. In the absence of any power calculation, we would say the
following.
For the VS data, in examining the difference between the risk and control group,
where p-values of less than 0.05 are returned by statistical tests, we considered it
worthwhile looking more carefully at the results. In particular, graphical representa-
tion of results and consideration of effect size will be presented in the papers arising
out of the analysis. The reason for choosing a level of 0.05 as being interesting was
that the voices of the subjects under observation were normal voices, and judged to
have no irregularities. We expected it to be difficult to detect differences between
the groups, but because at least two voice therapists listened to all voices, and the
subjects who were used in the analysis were those for whom the therapists were in
agreement in their separation into risk and control groups, we believed that there was
a difference to be found. We also had an expectation that those differences may be
described in terms of vocal efficiency, and believed that our parameter set should be
capable of indicating this.
For the differences between flow and microphone recordings, and endoscope/no-
endoscope conditions, we were less sure in advance of the possible effects. There
was no external objective opinion as to the perceptual differences in voicing in these
conditions, although considerable impressions were built up by the experimenters
and analysts during the research. These impressions had to do with the possible
presence of stress on the voice in the presence of the flow mask and in the presence
of the endoscope. Unfortunately, it is possible to imagine that the parameters that
we examine could go in either direction as a result of stress, either psychological or
physical. On the other hand, we did think that the parameters that we have chosen
may be sensitive enough to register stress-related differences. This is, of course,
subjective, but in the absence of other documented research in this area, there is
little else on which to base our judgements. We chose a p-value of 0.05 as indicating
the need for further examination of numerical differences in means and graphical
representations of the data.
For the single-subject SS data, we felt that the difference between mask and no-
mask conditions should be very clear if our hypothesised difference between phonation
from flow and microphone recordings was correct. However, for the factor of order,
we expected to see a greater mask effect for consecutive than for separate production
order. We were using this data to support results that we found in the VS data.
We theorised that producing a stable voice quality is very difficult, and that separate
repetitions from a single subject would show much more variance than consecutive ut-
terances. Therefore, the mask difference should be clearer for consecutive utterances
than separate utterances. We also expected that there would be significant interac-
tions between mask and order, and that the difference between mask and no-mask
may be easier to detect for one order than for another. We chose a p-value of 0.01 as
being small enough to warrant further examination of the data.
In looking at both sets of data, we began with MANOVA testing. From these
results, we used the p-values explained above to decide whether a factor was interesting
enough to warrant further ANOVA testing, to look at specific factor effects.
For the ANOVA tests, we calculated a measure of effect size, partial eta-squared,
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η2p, for each DV and focussed on this, combined with the accompanying p-value, in
trying to explain the effect of the factor. As there were now a larger number of
comparisons being made, we had to consider the problem of family-wise error. This
is discussed in section 2.4.1.4 below. We make no actual claims for significance in our
results, but are confident that the results presented are valuable and representative,
given the inherent restraints of the data.
These remarks apply to the more extensive statistical analysis which was adopted
after the unexpected results of the initial t-tests and correlation tests, described in
section 2.4 below.
2.4 The development of the statistical approach to the data
2.4.1 Remarks concerning both datasets
In looking at the VS data, we initially wanted to verify the assumption that micro-
phone and flow data represent the same information about the voice.1 We have no
reason to believe that this assumption is incorrect, and there was no direct indica-
tion in the recordings of the subjects of any difference in voice quality with the mask
present. Therefore, we expected that simple scatterplots, correlation tests and t-tests
would be sufficient to verify the assumption. The t-tests, however, showed significant
differences between mask and no-mask conditions, and correlation tests could not
show any real correlation between parameters from flow and microphone recordings.
These results were far from our expectations. The first and obvious step was to
retrace the processing steps in the data to look for simple errors. When the data-
processing procedures appeared to be robust, after thorough checking, we also looked
at the statistical analysis. We thought that a more formal analysis might be able to
show the expected correlations between the data, and began to consider an analysis of
variance, with the presence of the flowmask as a factor. Before making final decisions
as to the best way to examine the data, the results of the re-processing and the initial
analysis of variance were presented at a voice workshop in Geneva.2 A slightly revised
version of this presentation is to be found in Chapter 5.
It was at this stage in the research that the use of MANOVA was considered.
Our dataset suggested the use of a factorial MANOVA for statistical analysis, as it
contained multiple independent variables and dependent variables.
Of the possible statistics computed by a MANOVA, we chose to look at the Pillai-
Bartlett trace, as this is widely considered more robust against violations of homo-
scedasticity if sample sizes are equal. It should be noted that although sample sizes
for the factor control were not equal, the assumption of homoscedasticity was not
violated in most of the DVs. Furthermore, we only intended to use the MANOVA as
a guideline to see which factors should be further analysed to discover the nature of
possible effects of factors on the subjects’ voices. Specific cases of non-equal variances
can be read from the post hoc analysis tables in sections 2.4.2 and 2.4.3.
1This would allow us to make use of video-recordings that had been made of glottal behaviour, in
a comparison of dc flow and observed degree of glottal closure—one of the aspects of our data that
we wanted to examine.
2Voice Quality: Functions, Analysis and Synthesis (VOQUAL’03). Geneva, Switzerland, 2003
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2.4.1.1 Missing data
The dataset which we had collected after signal processing was unbalanced, and we
therefore had to consider how to deal with this, if we were to consider analyses of
variance. In considering the unbalanced nature of the dataset, we make the distinction
between missing observations and missing cases. We use the term missing observation
to refer to a single missing observation of a dependent variable. We use the term
missing case to refer to a set of missing dependent variables for one combination of
levels of the independent variables.
In the VS data, there were many missing cases. Initially, the voices of 72 subjects
were recorded, with 20 observations per subject, combining the conditions of endo-
scope, mask, and five voice qualities, normal, high, low, loud, soft. Of the 72 subjects,
12 subjects’ recordings could not be effectively inverse filtered using our techniques.
The subject set was therefore reduced to 60. The voice quality high was so often in-
correctly interpreted by the subject as falsetto that we discarded it from the dataset.
Therefore, we should have had a data set of Nsubj × Ncondition × Nendo × Nmask =
60 × 4 × 2 × 2 = 960 cases for analysis. After discarding 409 cases where the signal
could not be used, we were left with 551 cases. Data imputation for all the missing
cases was not considered. We therefore worked with a dataset of 551 cases. Within
this dataset, we were missing a maximum of 11 observations for any one DV, which
we considered small enough to ignore. The exception to this was the DV DC. Here,
we were missing 103 of a maximum of 266 observations (DC was only calculated for
the mask condition). For this DV, we considered the quantity of missing data to
be so large that we discarded DC from the set of DVs under consideration. For the
other DVs, we considered the quantity of missing data to be small enough to ingore.
Finally, therefore, we did not use any methods of data imputation.
We took a similar approach to missing data for the SS data. We were not missing
more than two observations per cell, so we ignored the missing values. The missing
values occurred mostly for breathy voice (OQ, SQ) and modal voice(H1-H2).
2.4.1.2 Pre-testing for covariance before running the MANOVAs
Before running the initial MANOVAs, we checked for covariance between our depend-
ent variables. Scatterplots indicated some relationship between OQ and H1-H2, as
shown in Figure 2.1 below. A Pearson Product Moment test yielded an R value of
−0.71. These two parameters can represent different aspects of voicing, and we be-
lieve that they should not be interpreted as being redundant. We consider both OQ
and H1-H2 to be important in source analysis, and each can have an effect on different
aspects of the voice. For example, a low H1 with respect to H2 can be an indicator of
creaky voice but creaky voice could have either high or low OQ values, depending on
the amount of glottal leakage. As the correlation was not very high, and as we want
to include both parameters in our characterisation of the voice source, we left both
OQ and H1-H2 in the parameter set.
We also found similar correlation between AC and MFDR. Figure 2.1 below shows
the comparison for the mask condition. The no-mask condition produced similar
results. This is a known relationship. Although the correlation was not very strong,
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we left MFDR out of further analysis. This is explained in more detail in section 2.4.2
below, as it is only relevant for the VS data.
In the SS data we found some correlation between SQ and OQ (R = 0.69), but
as we believe that both SQ and OQ can vary differently, and are important as source
descriptors, we left both parameters in the parameter set.
2.4.1.3 Dealing with MANOVAs and the unbalanced dataset
The statistical analysis in this research was done using the R environment for statist-
ical computing and graphics. In considering MANOVA testing, we had to work with
the fact that R uses type I sums of squares in the calculation of MANOVAs. As our
data was not balanced, the results of the calculations would depend on the order of
entry of factors into the function call for the MANOVA. The problem of calculating
type I sums of squares has been explained in, among others, Rietveld & van Hout
(1993). We addressed this by looking at MANOVA tables for several different orders
of factors. If factors were significant for all combinations, then we would look further
at each dependent variable, using a type II sums of squares ANOVA.
Aspects of the experimental design for both the VS data and SS data suggest a
repeated measures analysis. However, for both datasets, we had made the decision not
to impute missing data. Furthermore, for the VS data, the between-subject factors
sex and control were included in our model, so a repeated measures analysis was
not the appropriate choice. For the SS data, although there were only the within-
subject factors of production order and mask/no-mask, all repetitions were produced
by the same subject. The recording of this data is described in Chapter 6. Repeated
measures analysis was also not appropriate for this data.
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Figure 2.1: Scatterplots showing some correlation between the DVs H1-H2 and OQ,
Pearson’s R = −0.71, and between the DVs AC and MFDR, Pearson’s R = −0.71.
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2.4.1.4 Post hoc testing of the MANOVAs and ANOVAs
If the MANOVA indicated interesting results for a factor, then we ran individual
ANOVAs on each DV. Before running ANOVAs, we looked further at graphical rep-
resentations of the data. We used Cook’s distance plots to locate outliers. We used
residual versus fitted plots to examine homoscedasticity and the fit of the model. We
used Q-Q plots to look for normal distribution. The data was not always normally
distributed, and nor was the variance always similar between groups. We carried
out a formal Levene’s test to check the homogeneity of variance, and in one or two
situations, the variances seemed very different. This led us to compute both the
non-parametric Kruskal-Wallis test, and a Welch version of the ANOVA, where ho-
mogeneity of variance is not a stringent assumption. This latter could only be used
in one-way tests, so that only one factor could be included in the model. Results of
these tests for both datasets are presented in Tables 2.5, 2.6 and 2.7 in section 2.4.2,
and in Tables 2.11 and 2.12 in section 2.4.3.
Even where the homoscedasticity assumptions were violated, the results for ANO-
VA, Welch ANOVA and Kruskal-Wallis tests were generally similar. Where this was
not the case, explanations of our decisions are given in the relevant sections below.
As ANOVAs can be sensitive to outliers, we removed the outliers indicated by the
diagnostic plots, and ran the ANOVAs again. If the results were the same as those
obtained with inclusion of outliers, we left the outliers in, as they are, after all, a part
of the data.
As noted in section 2.3, we acknowledge the problem of family-wise error (FWER)
and we did consider presenting tabulated p-values from Bonferroni correction tests.
For a number of reasons, we would prefer to add an explanatory footnote to our
analyses, rather than present corrected tabulated p-values. Firstly, by presenting
corrected p-values, we would be emphasising the notion of significance, which we feel
is not justified for this data. Secondly, the sample sizes for the male and female groups
were very different. For the AC parameter, the sample size was further halved, as it
could only be tested in each mask condition separately. The p-values resulting from
our tests were much smaller for the larger sample sizes, as can be seen from Tables 2.2,
2.3, and 2.4. Using the same reduction across all groups would have a biased impact
on the smaller groups. Thirdly, as the MANOVA tests had already indicated that
the factors mask and control were important (avoiding the term significant) in our
model at a level of p ≤ 0.0001, and endoscope at a level of p ≤ 0.005, we felt that it
was reasonable to look at any interesting results for combinations of factor and DV
to examine how each variable may be influenced by a factor. In the ANOVA results
from this further testing, we focus on the effect size (η2p), and prefer to use the p-value
only as an indication of reason to examine the data more closely. We make no claims
for actual significance (see section 2.3). Both the η2p and the p-values are used to draw
conclusions about factor effects.
2.4.2 The Voice Strain data
The results from the MANOVAs indicated that sex, condition, control and mask were
all important factors, with p ≤ 0.0001. Endoscope was indicated at p ≤ 0.002. There
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were also interactions between sex and condition, sex and control, and endoscope and
mask. As we expect there to be effects for sex, believing that male and female voices
are inherently different, we decided to separate the groups for sex in further analysis.
This also made the interpretation of the results simpler, regarding explanation of
interactions.
We ran type II ANOVAs on the dependent variables OQ, SQ, H1-H2, and AC.
Our model included the factors mask, endoscope, condition and control.
We decided to leave out Spectral Slope and MFDR. This decision was made when
considering the number of DVs with which we were working. Reducing the number of
DVs would reduce the FWER, and furthermore, the Spectral Slope was only a fairly
rough estimate of the actual spectral slope, and it was felt that H1-H2 would give
more specific and more easily interpretable information. As MFDR can be sensitive
to low pass filtering, which was applied in the signal processing, we felt that AC
would be a more robust parameter, and given the correlation shown in Figure 2.1
above, we would probably get similar information from AC. The ANOVAs for AC are
calculated with the data separated for mask/no mask conditions, as this measure is
not comparable across this condition. As explained in section 2.4.1.4, we removed the
outliers indicated by Cook’s distance plots, and re-ran the ANOVAs. In this way, we
could get a feel for how sensitive the ANOVAs were to outliers. Where no difference
could be seen in numerical results, we left the outliers in. Tables 2.2, 2.3 and 2.4 show
the F -values, p-values and the effect size, η2p for the four DVs mentioned above, after
ANOVA testing.
Table 2.2: Results of the ANOVA testing for the effects of the mask factor for the
male and female subjects. Starred p-values (**) indicate removal of 3 outliers.
Female group Male group
parameter F (df = 1) p η2p F (df = 1) p η
2
p
H1-H2 23.992 1× 10−6** 0.054 2.085 0.152** 0.022
SQ 0.812 0.368 0.002 10.437 0.002** 0.100
OQ 22.774 3× 10−6 0.05 6.593 0.118 0.07
AC-mask NA NA NA NA NA NA
AC-no mask NA NA NA NA NA NA
Table 2.3: Results of the ANOVA testing for the effects of the endoscope factor for
the male and female subjects. Starred p-values (**) indicate removal of 3 outliers.
Female group Male group
parameter F (df = 1) p η2p F (df = 1) p η
2
p
H1-H2 0.562 0.454** 0.000 3.392 0.069** 0.036
SQ 6.137 0.014 0.014 0.016 0.899** 0.000
OQ 3.135 0.077 0.007 0.439 0.509 0.005
AC-mask 0.871 0.352 0.004 0.091 0.765 0.002
AC-no mask 2.168 0.142 0.002 1.031 0.316** 0.026
2.4. The development of the statistical approach to the data 41
Table 2.4: Results of the ANOVA testing for the effects of the control factor for
the male and female subjects. Starred p-values (**) indicate removal of 3 outliers.
Female group Male group
parameter F (df = 1) p η2p F (df = 1) p η
2
p
H1-H2 6.885 0.009** 0.015 8.046 0.005** 0.08
SQ 10.091 2× 10−6 0.023 2.564 0.113** 0.027
OQ 32.525 2× 10−8 0.070 12.606 0.001 0.120
AC-mask 1.115 0.292 0.005 0.001 0.983 0.000
AC-no mask 4.507 0.035 0.020 4.092 0.050** 0.100
We note here that the exclusion of outliers in the ANOVAs could result in lack of
significance, where it had been present with the outliers included, or vice versa, or it
could have no effect at all. It is indicated so that the reader can see where outliers
had an effect on the results of the analysis for at least one factor.
Tables 2.5, 2.6 and 2.7 shows the results for the post hoc testing, including Levene’s
tests for homogeneity, one-way Welch ANOVAs, and Kruskal-Wallis tests.
Table 2.5: Results of the post hoc testing of the mask factor, showing the p-values
for the Levene’s test for homogeneity of variance, the one-way Welch ANOVA, and
the Kruskal-Wallis non-parametric test. Starred p-values (*) indicate removal of
the same 3 outliers as for the ANOVAs tabulated above.
Female group Male group
parameter p-Levene p-Welch p-K-W p-Levene p-Welch p-K-W
H1-H2 0.275* 1× 10−7* 1× 10−7* 0.098* 0.022* 0.048*
SQ 0.246 0.329 0.166 0.412 4× 10−4* 5× 10−4*
OQ 0.659 9× 10−7 4× 10−7 0.007 0.004 0.010
AC-mask NA NA NA NA NA NA
AC-no mask NA NA NA NA NA NA
Table 2.6: Results of the post hoc testing of the endo factor, showing the p-values
for the Levene’s test for homogeneity of variance, the one-way Welch ANOVA, and
the Kruskal-Wallis non-parametric test. Starred p-values (**) indicate removal of
the same 3 outliers as for the ANOVAs tabulated above.
Female group Male group
parameter p-Levene p-Welch p-K-W p-Levene p-Welch p-K-W
H1-H2 0.084** 0.807** 0.760** 0.704** 0.114** 0.042**
SQ 0.244 0.021 0.018 0.941** 0.739** 0.669**
OQ 0.709 0.070 0.062 0.973 0.465 0.345
AC-mask 0.791 0.377 0.179 0.987 0.840 0.676
AC-no mask 0.948 0.923 0.754 0.634** 0.976** 0.925**
From these tables, it can be seen that the combinations of factors and DVs that
surfaced as interesting from the ANOVAs are more or less unchanged. We note the
following differences.
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Table 2.7: Results of the post hoc testing of the control factor, showing the p-values
for the Levene’s test for homogeneity of variance, the one-way Welch ANOVA, and
the Kruskal-Wallis non-parametric test. Starred p-values (**) indicate removal of
the same 3 outliers as for the ANOVAs tabulated above.
Female group Male group
parameter p-Levene p-Welch p-K-W p-Levene p-Welch p-K-W
H1-H2 0.085** 0.053** 0.008** 0.565** 0.008** 0.005**
SQ 0.0297 8× 10−4 0.001 0.292** 0.110** 0.073**
OQ 0.001 4× 10−6 9× 10−6 0.211 0.002 0.002
AC-mask 0.995 0.325 0.282 0.187 0.764 0.699
AC-no mask 0.297 0.185 0.205 0.768** 0.393** 0.396**
Welch ANOVA and Kruskal-Wallis p-values of the female AC-no-mask DV for
the control factor (Table 2.7) were all above 0.05. The ANOVAs resulted in smaller
values, reflected in a small effect for the female group, and a large effect for the male
group, η2p = 0.02 and 0.1 respectively.
For the male H1-H2 and OQ DVs for the mask factor, the Welch and Kruskal-
Wallis p-values were all below 0.05, whereas the ANOVA p-values were higher (see
Table 2.5). Again, the effect size was small to medium, so we considered the DVs
worth closer inspection.
The male H1-H2 DV for the factor endoscope had a p-value of 0.042 when analysed
by the Kruskal-Wallis method. Here, we see a small effect, η2p = 0.036.
In deciding when to accept or reject a DV as being influenced by a factor, we
reasoned as follows. The effect size should be considered differently for the male and
female group, and for the AC-mask and AC-no-mask variables within these groups.
We had not modelled the undoubtedly large variation that would be due to general
between-subject differences and would therefore expect a small to moderate effect, if
the effect was there at all. The expectation of a small to moderate effect was already
in place as a result of the criteria according to which subjects were included in the
experiment (see section 2.3). As the female group was much larger than the male
group, as illustrated in Table 2.1, we would expect there to be much more within
subject error for the female group than for the male group. The effects of mask,
endoscope or control, we expected to be stable. Therefore, we would expect the effect
size to be smaller for the female group. The AC-mask and AC-no-mask separation
makes the female and male groups even smaller, and so larger effect sizes might be
expected for these variables if the effect was there.
According to the guidelines set by Cohen (1988), we decided to accept a small effect
(0.01 < η2p < 0.06) as reflecting factor influence for the female group, a moderate effect
(0.06 < η2p < 0.15) for the male group and for the female AC groups, and a large effect
(η2p > 0.15) for the male AC groups.
In the end, then, we had used p-values as guidelines for further consideration of
a factor/variable combination, and had used the effect size as the decisive element in
including specific combinations in conclusions about factor effects.
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Figure 2.2 shows the interaction effects for mask and endoscope. We also present,
in Figure 2.3, boxplots, with the extra graphical information about the median and
placement of outliers.
We have not yet explained these interactions, but as we are aware that they are
present from the MANOVAs, we included the mask×endoscope interaction as a factor
in the linear model on which we ran the ANOVAs.
2.4.3 The Single Subject data
There were nine MANOVAs carried out, three per voice quality on the data. The
reason for separating the data according to voice quality was that we know from
other research that these voice qualities produce different types of parameter values.
Furthermore, the Q-Q plots indicated a more normal distribution per voice type than
for all voice types together. This is not to say that normal distribution is guaranteed
for each voice type. Figure 2.5 shows an example of this for the DV SQ.
The results of the MANOVAs indicated that, for all voice types, the mask factor
and the interaction between mask and production order warranted further analysis.
For modal voice there was an interaction indicated by p = 0.003. For creaky voice,
the interaction was even stronger, at p = 3× 10−4. The interaction for breathy voice
was very weak, p = 0.057, but as it was present for the other two voice qualities, we
included it in our model. The MANOVA results for the factor production order did
not indicate further examination. However, as the interaction of both factors seemed
so important, it seemed reasonable to include it in the model, Further analysis, then,
consisted of type II ANOVAs, for which the factors were mask, production order, and
the interaction of the two.
As with the VS data, we decided to leave out the spectral slope measure. The
dependent variables in the testing were, therefore, OQ, SQ and H1-H2. Tables 2.8, 2.9
and 2.10 shows the F -values and p-values for these three DVs, after ANOVA testing.
We removed the outliers indicated by Cook’s distance plots, and re-ran the ANO-
VAs. Where the outliers had no great effect on the numerical results of the ANOVAs,
we left them in. As the datasets were small, we only removed one outlier (but see
Chapter 6 for the treatment of OQ). Contrary to the behaviour of outliers in the
VS data, the exclusion of outliers indicated in the tables above always resulted in
decreasing the p-values.
In deciding whether to accept or reject a DV as being influenced by a factor, we
followed similar reasoning to that used for the VS data. We expected that effects due
to the mask or production order would be large, as the experiment was designed such
that subject variation would be minimal. A large effect was chosen to be η2p > 0.15.
Therefore, while the p-values were an indication of factor influence on the voice, we
used effect size as the decisive element in including specific combinations of DV and
factors in conclusions about factor effects.
We carried out the same post hoc tests on the SS data as on the VS data. We
tested for unequal variances with Levene’s test, and as there were some indications
of violation of assumptions of both normality and variance, we carried out Welch
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Figure 2.2: Interaction plots of mask and endoscope for the VS data.
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Table 2.8: Results of the ANOVA testing for effects of the mask factor. Starred p-values (**) indicate removal of 1 outlier.
Breathy Modal Creaky
F (df = 1) p η2p F (df = 1) p η
2
p F (df = 1) p η
2
p
H1-H2 0.002 0.963 6× 10−5 43.263 2× 10−7 0.560 1.717 0.199 0.049
SQ 0.063 0.803 0.002 31.431 2× 10−6 0.466 12.365 0.001 0.256
OQ 98.604 3× 10−11 0.755 1.531 0.224 0.041 39.61 3× 10−7 0.524
Table 2.9: Results of the ANOVA testing for effects of the factor production order. Starred p-values (**) indicate removal of 1 outlier.
Breathy Modal Creaky
F (df = 1) p η2p F (df = 1) p η
2
p F (df = 1) p η
2
p
H1-H2 2.258 0.142 0.061 1.185 0.284 0.034 7.676 0.009** 0.044
SQ 26.185 1× 10−5 0.45 0.071 0.792 0.002 6.869 0.013 0.160
OQ 5.512 0.025 0.147 0.629 0.433 0.172 6.928 0.013** 0.165
Table 2.10: Results of the ANOVA testing for interactions between mask and production order. Starred p-values (**) indicate
removal of 1 outlier.
Breathy Modal Creaky
F (df = 1) p η2p F (df = 1) p η
2
p F (df = 1) p η
2
p
H1-H2 10.225 0.003 0.231 2.145 0.152 0.059 9.467 0.004 0.223
SQ 8.479 0.007** 0.226 0.402 0.53 0.011 0.214 0.647 0.006
OQ 2.15 0.152 0.063 8.141 0.007 0.184 15.57 4× 10−4** 0.308
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tests and Kruskal-Wallis tests. The results of these tests are presented in Tables 2.11
and 2.12 below.
For the factor production order, analysis of SQ and OQ for creaky voice quality
results in higher p-values, and notably, the OQ value goes from 0.013 to 0.084 in the
Welch test to 0.888 in the Kruskal-Wallis test. In this case, as the effect size was
within Cohen’s large effect range, we still considered that the production order had
an effect worth reporting. For the remaining combinations of variables and factors,
the results are more or less the same.
2.5 Further graphical representations of the datasets
Below is an example of the diagnostic plots for the H1-H2 parameter for modal voice.
Similar plots were made for OQ and SQ, and for all voice qualities.
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Figure 2.4: Diagnostic plots for the H1-H2 parameter, for modal voice.
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Table 2.11: Results of post hoc testing for the mask factor, showing the p-values for the Levene’s test for equal variances, the
one-way Welch ANOVA, and the Kruskal-Wallis non-parametric test. Starred p-values (**) indicate removal of 1 outlier.
Breathy Modal Creaky
p-Levene p-Welch p-K-W p-Levene p-Welch p-K-W p-Levene p-Welch p-K-W
H1-H2 0.06 0.995 0.978 0.339 2× 10−7 1× 10−6 0.159 0.270 0.052
SQ 0.014 0.964 0.924 0.110 2× 10−6 2× 10−5 0.927 0.002 8× 10−4
OQ 0.046 0.859 0.978 0.320 0.266 0.850 8× 10−4 2× 10−5 3× 10−7
Table 2.12: Results of post hoc testing for the production order, showing the p-values for the Levene’s test for equal variances,
the one-way Welch ANOVA, and the Kruskal-Wallis non-parametric test. Starred p-values (**) indicate removal of 1 outlier.
Breathy Modal Creaky
p-Levene p-Welch p-K-W p-Levene p-Welch p-K-W p-Levene p-Welch p-K-W
H1-H2 0.164 0.156 0.060 0.148 0.469 0.373 0.439 0.308** 0.226**
SQ 0.761 4× 10−5** 6× 10−5** 0.551 0.843 0.808 0.042 0.028 0.045
OQ 0.437 0.148 0.149 0.177 0.477 0.118 0.004 0.084** 0.888**
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We also present two figures with an indication of which DVs were good separators
of mask/no-mask conditions, and consecutive/separate orders of production. These
figures give a good feel for what significant ANOVA results mean in visual terms, and
are included in Chapter 6. These figures show all data, with no outliers removed.
Figure 2.7 shows the mask ×order interaction for the SS data. It is difficult to see
any consistent effect that can be explained in relation to physiological aspects of voice.
We are more inclined to take the view that visual representation of the actual data
points is more informative than means. This can be judged by the reader in Figure 2.8.
In any case, we find it difficult to make observations about the interactions from either
the scatterplots or the interaction plots.
2.6 Summary
In this chapter, we present the approach to the statistical analysis of the VS data
and the SS data. We believe that the data has been honestly presented, and that the
use of analysis of variance is a reasonable choice. Following our own criteria, it seems
that we can conclude that for the VS data, differences can be found between mask
and no-mask conditions, and between risk and control groups. Real evidence for an
effect of the endoscope seems to be missing. The interpretation of these results is not
a part of this chapter, but is presented in the following chapters.
For the SS data, it appears that we can conclude that there is an effect of the flow
mask on the voice of the single subject used to produce this data. There is also a
strong interaction of the factors mask and production order. Production Order is not,
on its own, a significant factor.
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Figure 2.5: Scatterplots of the mask/no-mask differences for the SS data. Here we
can see the separation of conditions for pairs of DVs.
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Figure 2.6: Scatterplots of the separate/consecutive production orders for the
SS data. Here we can see the separation of conditions for pairs of DVs.
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Figure 2.7: Interaction plots of the mask and production order conditions of the
SS data. The continuous line indicates consecutive order and the dashed line
indicates separate order.
2.6. Summary 53
0 1 2 3 4 5
0.
45
0.
55
0.
65
0.
75
modal
H1−H2
o
qf
lo
w
no mask
mask
c
s
0 1 2 3 4 5
1.
0
1.
1
1.
2
1.
3
1.
4
1.
5
1.
6
modal
H1−H2
sq
no mask
mask
c
s
0.45 0.55 0.65 0.75
1.
0
1.
1
1.
2
1.
3
1.
4
1.
5
1.
6
modal
oqflow
sq
no mask
mask
c
s
−5 0 5
0.
4
0.
5
0.
6
0.
7
creaky
H1−H2
o
qf
lo
w
no mask
mask
c
s
−5 0 5
1.
2
1.
4
1.
6
1.
8
2.
0
creaky
H1−H2
sq
no mask
mask
c
s
0.4 0.5 0.6 0.7
1.
2
1.
4
1.
6
1.
8
2.
0
creaky
oqflow
sq
no mask
mask
c
s
5 10 15 20 25
0.
70
0.
75
0.
80
breathy
H1−H2
o
qf
lo
w
no mask
mask
c
s
5 10 15 20 25
0.
7
0.
8
0.
9
1.
0
1.
1
1.
2
breathy
H1−H2
sq
no mask
mask
c
s
0.70 0.75 0.80
0.
7
0.
8
0.
9
1.
0
1.
1
1.
2
breathy
oqflow
sq
no mask
mask
c
s
Figure 2.8: Scatterplots of the data for breathy voice, showing the mask × order
interactions. This representation gives a better idea of what significant interac-
tion means for our data, when it is not consistent for all voice types and for all
parameters.
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3 Study I
Some objective measures indicative of perceived voice robustness in
student teachers1
3.1 Abstract
One of the problems confronted in the teaching profession is the maintenance of a
healthy voice. This basic pedagogical tool is subjected to extensive use, and frequently
suffers from overload, with some teachers having to give up their profession altogether.
In some teacher training schools, it is the current practice to examine the student’s
voice, and to refer any perceived susceptibility to strain to voice specialists. For this
study, a group of vocally healthy students were examined first at the teacher training
schools, and then at the ENT clinic at the University Hospital of Nijmegen. The aim
was to predict whether the subject’s voice might be at risk for occupational dysphonia
as a result of the vocal load of the teaching profession.
We tried to find objective measures of voice quality in student teachers, used in
current clinical practice, which reflect the judgements of the therapists and phonia-
tricians. We tried to explain such measures physiologically in terms of robustness of,
and control over voicing. Objective measures used included video laryngostroboscopy,
phonetography and spectrography. Maximum phonation time, melodic range in con-
junction with maximum intensity range, and the production of soft voice are suggested
as possible predictive parameters for the risk of occupational voice strain.
3.2 Introduction
A key tool for a teacher is the voice. It is necessary, therefore, that a student em-
barking on a teaching career has a fully functional voice. Voice therapists can assess
students at the beginning of their studies, and if voice problems are detected, the
students can be referred for treatment. However, a student may begin a career with
a healthy voice, and later develop vocal fatigue or other voice problems, to such an
extent that his or her career must be interrupted or even abandoned. Can a voice
therapist state whether a voice is robust or not, in terms of whether it is likely to with-
stand the strain of professional use in teaching? Is it possible to advise preventative
training for individuals who might be at risk of developing occupational dysphonia?
In order to assess this type of questions it is worthwhile to try and quantify the con-
cepts of vocal load and robustness and to find parameters that can serve as objective
indicators.
Vocal fatigue is now a recognised problem. Titze (1993) points out that “humans
do not engage in activities that involve vibration and colliding body tissue at a rate
of 20 to 1000 times per second. Phonation is the exception.” While phonation is an
integral part of normal speech, there are some professions that require sustained and
extensive use of voice, above and beyond the demands of everyday speech. Teaching is
1This chapter is based on an article that has been published under this title in the journal
Logopedics-Phoniatrics-Vocology (Orr et al. 2002)
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one such profession. Holbrook (1977) reports that primary school teachers, spending
six hours per day with their pupils, have an average total phonation time of 77
minutes, with twenty minutes of this phonation at a level of above 75 dB(A) at a
distance of 30 cm. In a study of vocal load in different professions (Buekers et al.
1995), it was also found that teaching involved a greater vocal load relative to other
professions.
Vocal fatigue has been attributed to “vocalisations that occur over long periods of
time, at high loudness levels, at unusual pitch levels, with excessive or inappropriate
tension, in the presence of unhealthy vocal fold tissue, or with some combination of
these factors” (Gotaas & Starr 1993). In order to investigate whether vocal fatigue
might be avoided by appropriate voice training, it is necessary to gain better insight
into the factors which cause some individuals to use their voice less ideally than others.
It has been suggested (Sapir et al. 1993) that not only the professional demands on
voice are responsible, but also unsuitable acoustic working environments, lack of voice
training, individual voice characteristics, and psychological factors such as stress and
anxiety.
Both Buekers (1998) and de Jong et al. (2001) have stressed the importance of
distinguishing between occupational dysphonia caused by external influences from a
constitutionally poor voice. It seems reasonable to assume that avoiding occupational
dysphonia can only be partially successful when attention is focussed solely on external
influences such as demands on the voice, psychological demands, or aspects of the
speaking environment. Although such external influences are theoretically alterable,
in practice, this is often not possible. While the importance of such influences cannot
be underestimated, it is equally important to realise that some individuals are more
susceptible to developing occupational dysphonia than others. Internal influences on
the voice may be a result of the physical or psychological make-up of the person,
for example, morphology of the voice apparatus, personality, or musicality. These
internal influences are not more easily alterable than are most of the environmental
influences but we believe that some may be alterable to some degree. Examples of
such influences are control over vocal fold function, tension in the voicing apparatus,
breathing control, and physical stance. If this is so, then the chance of developing
voice problems may be reduced with training of the voice for optimal use, within the
limits of constitutional make-up.
At the training schools, it is often the case that voice therapists refer student
teachers to the hospital clinic for examination, but no visible organic voice problems
are found. These patients have something elusive in their voices, which leads the
therapists to suspect problems. We assume that this type of patient may have a con-
stitutionally poor voice. In this study, we examined such a group, and compared it
to a control group with both physiologically and perceptually healthy voices. Using
video-laryngostroboscopy, phonetography and acoustic analysis, we looked for object-
ive factors which might indicate specific areas where the voice is constitutionally weak,
and we tried to interpret them in terms of the physiological make-up of the voicing
apparatus.
We concur with the approach to objective measures of speech taken by Ham-
marberg (1986). We do not intend to suggest that objective measures are superior
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to, or should replace subjective measures in any way. Rather, we accept the valid-
ity of the perceptually based judgement of the voice therapist, as to suitability or
sufficiency of a voice for the teaching profession. The aim of this study was to find
objective measures, currently used in clinical voice assessment, which agreed with the
voice therapists’ division of the students into a risk and control group, and for which
we could give possible physiological explanations. We would suggest that such para-
meters might be indicators of potential voice problems in the teaching profession. We
were particularly looking for parameters whose settings might be manipulated through
training before the subject begins a teaching career, so that the voice becomes more
robust.
3.3 Methods and Materials
3.3.1 Subjects
3.3.1.1 Control Group
The initial control group consisted of 9 subjects, 7 females and 2 males, who were
students of teaching. This group was judged by the voice therapists at the teaching
school as having normal and fully functional voices. The size of the initial group was
too small to provide comparable data to that of the risk group, and was therefore
supplemented by 16 subjects, 11 females, and 5 males, selected from vocally healthy
speakers from outside the school. Thus the final control group consisted of 25 subjects,
18 females and 7 males. The additional group was judged to have no voice problems
by the voice therapists at the ENT clinic at the University Hospital in Nijmegen. The
whole group was then referred to phoniatricians for a clinical examination by rigid
endoscope to confirm that there was no vocal fold pathology.
3.3.1.2 Risk Group
The risk group consisted of 37 first year students of teaching, 8 males and 29 females.
No member of the group complained of voice problems. However, when examined by
the therapists at the teaching school, each member of the risk group was judged as
having some audible voice characteristic which, while not considered dysfunctional,
was nevertheless sufficient to exclude them from the control group. The therapists at
the ENT department later confirmed this judgement. The group then underwent the
same clinical examination as the control group, and was also found to have no vocal
fold pathology.
It was not possible to match the groups for age within the constraints of the study.
The age range for the male control group was 26 to 44 years whereas that of the risk
group was 19 to 24 years. The age range for the female control group was 22 to 32
years whereas that of the risk group was 17 to 26 years. The larger age range of the
control groups may possibly be a confounding variable. The ability of the voice to
tolerate voice strain has been found to decrease with increasing age (Buekers 1998).
Students of teaching are generally female in the majority and this is also the case
in this study. Thus the groups could not be matched for sex.
Criteria for inclusion in the experiment were as follows:
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- The voice therapist found little or no vocal difficulty. In cases of a suspec-
ted voice problem, it was of a type that warranted either no treatment or
preventative treatment.
- No morphological problems with the vocal folds were detected in the laryn-
gostroboscopy.
- There were no general health problems that could be expected to affect the
voice.
- Smokers were included only if no effect could be detected on the voice.
- There were no psychosocial problems that gave cause to suspect psychogenic
dysphonia.
A flow chart of the selection procedure is provided in Figure 3.1 below.
for absence of vocal fold
pathology (rigid endoscope)
examination by phoniatrician 
for absence of vocal fold
pathology (rigid endoscope)
examination by phoniatrician 
for absence of vocal fold
pathology (rigid endoscope)
examination by phoniatrician 
evaluation by voice 
and speech therapist
at the hospital clinic
evaluation by voice 
and speech therapist
at the hospital clinic
evaluation by voice 
and speech therapist
at the hospital clinic
and speech therapist
evaluation by school voice 
risk group
risk group
supplementary control
group from outside 
the school
student control group
entire student group
control group
Figure 3.1: Schematic diagram of the makeup of the risk and control groups
3.3.1.3 Perceptual assessment
At the teacher training school where the subjects were studying, it is standard practice
that all students undergo an examination of the voice. A translation from Dutch of
the standard protocol for this examination is included in Orr et al. (2002, Appendix I).
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On the basis of the results of this examination, the two groups, control and risk, were
selected for this study. None of the subjects was found to have organic problems
with their voices. However, the risk group was considered less robust than the control
group. This judgement was based on impression only, and could not be substantiated
by any of the items included in the protocol.
After examination by the voice therapist at the school, the subject was seen by the
voice therapist at the hospital clinic. The initial task of the therapist at the clinic was
only to confirm or disagree with the judgement of the school voice therapist. At this
point, no specific parameters were measured. Where consensus was not reached, the
subject was excluded. The assessment at the clinic consisted initially of an informal
conversation between the therapist and subject. From this, an overall impression of
the voice was gained. For closer listening, the subject was asked to read a piece of
standard text, which is included in Orr et al. (2002, Appendix II). During the reading,
the therapist listened exclusively for tension and/or hoarseness in the voice. For both
groups, tension and hoarseness were required to be absent or present only to a small
degree.
The group of healthy speakers which supplemented the student control group was
similarly assessed by the therapists at the clinic. During the reading of the same text,
the therapist listened exclusively for tension and/or hoarseness in the voice. Also for
this group, tension and hoarseness were required to be absent or present only to a
small degree.
The perceptual assessments at the clinic should be only a reinforcement of the
assessments at the schools, rather than a set of measurements in themselves. The
aim of the study was not to validate current logopedic practice at teacher training
schools. Rather, we sought available objective measures, with possible physiological
explanations, which might concur with these subjective measurements.
3.3.1.4 Measurements
A number of different objective measures was obtained for each subject, including
acoustic, phonetographic and video laryngostroboscopic measures. In addition, a
measure of maximum phonation time was also measured.
The voice therapist at the clinic carried out an acoustic analysis and phoneto-
graphy, and measured the maximum phonation time. The subject was then referred
to the phoniatrician, who recorded videostroboscopic images of the vocal folds as
seen via a flexible endoscope, while the subject performed various phonation tasks.
Table 3.1 shows the objective measures obtained.
Acoustic measures from CSL taken by the voice therapist An acoustic ana-
lysis of a sustained vowel /æ/ was carried out using the KAY Computerised Speech
Lab, (CSL) model 4300. Average fundamental frequency, f
/æ/
0 , as well as jitter, and
shimmer measures were automatically generated by the CSL program, and tabulated
for analysis. The frequency f
/æ/
0 was later inserted in the phonetogram for each
subject, and the intensity range at this frequency was measured.
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Table 3.1: Measures taken for this study
Acoustic data Phonation Time Phonetographic data Glottal closure data
jitter max. phonation melodic range normal voice
shimmer time max. intensity range soft voice
f
/æ/
0 intensity range at f
/æ/
0 loud voice
max. intensity low voice
high voice
Maximum Phonation Time The subjects were asked to sustain an /æ/ vowel
for as long as possible. During the production of the sustained vowel, maximum
phonation time was recorded by means of a stopwatch.
Phonetographic measures For phonetogram recordings, the subject was required
to produce a sustained /a/ in the utterance “la” at several frequency/intensity com-
binations, as guided by the voice therapist. Phonetograms were made manually, and
followed the recommended UEP standards (Schutte & Sneider 1986) using a Bruel and
Kjaer sound level meter and a tone generator. The frequency and intensity measures
can be seen in Table 3.1.
Glottal closure patterns The vowel /i/ has been reported as giving the most
ideal view of the glottis with a laryngoscope (see, for example, Hirano & Bless 1993).
However, the video recordings of the glottal closure patterns in this study were also
used for a separate investigation. The speech material was to be inverse filtered and
intraoral pressure was to be measured for the estimation of subglottal pressure. The
low first formant frequencies of the /i/ vowel would have interfered with inverse filter-
ing procedures, and a voiceless plosive was required for the pressure measurements.
For these reasons, the /pæ/ utterance was used in the laryngoscopic recordings.
The subject was required to produce a series of at least three repetitions of the
syllable /pæ/, at a rate of about 1.5 syllables per second. Each series was produced at
the subject’s preferred levels of pitch and intensity to produce normal, soft, loud, low
and high voice. Although both fundamental frequency and intensity can affect the
nature of glottal closure (see, for example, Buekers et al. 1995, Awan 1991, So¨dersten
& Lindestad 1990, So¨dersten et al. 1991) the available values of f0 and SPL were not
analysed. The glottal closure analysis was intended to illustrate any differences in the
production of perceived rather than actual levels of pitch and loudness between the
two groups.
Subjects were given a “warming up” period before the speech recordings, in order
to familiarise themselves with the speech tasks. Due to the invasive and sometimes
uncomfortable nature of the flexible endoscope, not all conditions were obtained for
all subjects. The sample size for each condition ranged from N = 44 to N = 47.
The laryngoscopic recordings were made using a Kay RLS 9100 video system,
with a flexible scope. The resulting videotapes were rated afterwards according to
degree and type of glottal closure by an ENT surgeon/phoniatrician and an ENT
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trainee assistant, according to a modified version of the So¨dersten scores (So¨dersten
& Lindestad 1990, see Figure 3.2).
Figure 3.2: Range of glottal closure scores used by the phoniatricians.
The raters were instructed to use categories 1 to 3 for glottal openings that were
located in the cartilaginous posterior commissure, and categories 4 to 6 for glottal
openings that were located in the membraneous portions of the vocal processes. For
the female group, the categories 7 to 9 did not occur in this investigation. There was
one occasion of category 10. This was judged to belong to the group of cartilaginous
opening scores. As data for only four of the risk group was obtained, the male groups
were excluded from further consideration.
A problem which arose with the glottal closure scoring was that the arytenoid
cartilage sometimes obscured full view of the membranous section of the vocal folds.
In these cases, the phoniatrician scored closure as ≤ 4, ≤ 3, or ≤ 2, indicating
that he could see closure only as far as indicated for scores 4, 3, or 2, but that
he felt strongly that closure was more complete. Table 3.2 below shows the actual
scores recorded. In the analysis of these scores, it was not possible to examine each
closure type individually, due to the ambiguity of so many of the scores. We therefore
decided to divide the scores into two categories, namely ≤ 3 and > 3. This is broadly
representative of a split between complete membranous closure, and leakage in the
membranous part of the folds. We faced some difficulty in deciding how to deal with
the scores of ≤ 4. These scores indicate that the phoniatrician felt quite sure that
closure was more complete than a score of 4, but the arytenoid cartilage obscured his
view, and prevented an accurate judgement. We concluded that the phoniatrician’s
judgement, based on considerable professional experience, should be accepted, and
these scores were considered as belonging to the ≤ 3 category.
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Table 3.2: Glottal closure scores for both the risk and control group. ‘≤’ indicates
that due to an incomplete view of the vocal folds, the phoniatrician could only see
the reported score, but suspected that the actual score was lower. For example,
‘≤ 3’ implies that the phoniatrician could see closure of score 3, but suspected that
the actual score was 1 or 2.
Female group
Control group Risk group
subj normal loud soft high low subj normal loud soft high low
1 4 3 4 3 4 4
2 4 2 4 4 4 6 4 3 4 3 4
8 ≤ 3 ≤ 3 ≤ 3 ≤ 3 7 3 3 3 3 2
9 ≤ 4 ≤ 4 ≤ 4 ≤ 4 ≤ 4 14 4 4 5 6 4
12 ≤ 4 ≤ 4 ≤ 4 ≤ 4 ≤ 4 17 4 ≤ 3 4 4
15 4 4 5 ≤ 4 3 18 ≤ 3 ≤ 3 4 4 ≤ 3
16 ≤ 3 ≤ 3 ≤ 3 ≤ 4 ≤ 4 19 ≤ 3 ≤ 3
20 5 22 ≤ 4 ≤ 4 ≤ 4 ≤ 4
26 ≤ 3 ≤ 3 4 4 4 23 ≤ 4 ≤ 4 ≤ 4 ≤ 4 ≤ 4
27 24 4 ≤ 3 5 5 4
28 ≤ 4 ≤ 4 ≤ 4 4 ≤ 4 29 4 3 5 5 3
32 ≤ 3 3 4 ≤ 3 ≤ 3 30 3 3 3 4 4
36 ≤ 3 ≤ 3 3 4 ≤ 3 31 1 ≤ 2 2 5 ≤ 3
37 4 ≤ 3 4 ≤ 3 ≤ 3 33 ≤ 3 3 4 4 4
40 3 2 3 6 3 35 ≤ 3 ≤ 3 3 ≤ 3 ≤ 3
45 ≤ 3 ≤ 3 ≤ 3 ≤ 3 ≤ 3 38 ≤ 3 ≤ 3 4 ≤ 3 ≤ 3
50 ≤ 3 ≤ 3 4 4 ≤ 3 39 ≤ 3 ≤ 3 3 3 ≤ 3
42 4 3 5 10 4
43 4 ≤ 3 4 4 4
48 ≤ 3 ≤ 3 ≤ 3 ≤ 3
54 ≤ 3 ≤ 3 3 3 ≤ 3
55 ≤ 3 ≤ 3 4 ≤ 3 ≤ 3
63 ≤ 3 ≤ 3 4 4 ≤ 3
68 4 4 5 5 4
73 ≤ 3 ≤ 3 4 4 ≤ 3
Male group
Control group Risk group
subj normal loud soft high low subj normal loud soft high low
3 1 1 1 1 1 10 ≤ 2 ≤ 2 7 ≤ 2 ≤ 2
5 ≤ 2 ≤ 2 ≤ 3 ≤ 2 ≤ 2 52 3 1 4 1 1
11 2 1 2 3 2 53 3 ≤ 2 4 4 3
21 ≤ 2 ≤ 2 ≤ 3 ≤ 4 78 4 ≤ 3 4 4 4
34 1 1 1 6
41 ≤ 3 ≤ 3 ≤ 3
46 8 8 5 8 1
47 ≤ 3 ≤ 3 ≤ 3 3 ≤ 3
51 ≤ 3 ≤ 3 ≤ 3 4 ≤ 3
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3.4 Analysis
3.4.1 Acoustic and phonetographic data
The acoustic and phonetographic data were statistically analysed using t-tests for
unrelated data of dissimilar variance. χ2-testing for normal distribution showed that
the distribution of the data was not normal. Therefore, the data were re-analysed
using a Mann-Whitney non-parametric test. However, the resulting p-values were very
similar. For ease of interpretation, the original t-test results are presented here, along
with the mean values and the standard deviations, in order to give some impression
of data variability.
For jitter, shimmer, and fundamental frequency analyses, only the female groups
were tested, since the age ranges of the male groups were too dissimilar.
As all the voices were healthy, we would not expect to find great differences be-
tween the control and risk groups. A p-value of 0.05 was set as the criterion for
significance for any acoustic parameter under investigation.
3.4.2 Glottal closure patterns
The glottal closure scores for each of the five voice conditions (normal, soft, loud, high
and low), were divided into two categories: less than or equal to 3; greater than 3. The
main reason for the division into two categories was that of the difficulties which arose
in interpreting the video picture of the vocal folds (see explanation in section 3.3.1.4
above). Another reason was that we consider leakage in the cartilaginous part of
the vocal folds to be representative of normal voicing, and as not contributing to the
perception of airflow turbulence, as in, for example, breathy voice. This is as a result
of clinical experience, and is in concurrence with other research, (see, for example,
Holmberg 1993, So¨dersten & Lindestad 1990).
The groups were separated for sex, as we consider phonation patterns to be inher-
ently different for male and female voices, as a result of the physiological composition
of the vocal folds (So¨dersten & Lindestad 1990, Bless et al. 1986, Peppard et al. 1988).
Results obtained for the female subjects cannot be extended to the male population,
for this reason. The male sample proved too small for testing (N = 13, of which 9
were controls) and therefore, only the data from the female groups were analysed.
The two female groups were compared for each voicing condition. We also com-
pared the change in voicing condition, with respect to normal voice, per subject.
Using chi-testing for change/no change, we examined, for the four non-normal condi-
tions, whether one group changed from the normal voicing condition more than the
other group.
3.5 Results
Table 3.3 presents the results of the analysis of the data.
Significant differences were found for maximum phonation time, melodic range,
maximum intensity range, and the change in glottal closure from normal to soft voice.
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Table 3.3: Summary of the data results
Control group Risk group p
Data type Mean St. Dev Mean St. Dev
Acoustic data
jitter female (%) 0.49 0.75 0.41 0.26 0.19
shimmer (dB) 0.33 0.15 0.39 0.18 0.12
f
/æ/
0 female (Hz) 201.57 16.49 204.24 29.1 0.91
max. phonation time (s) 16.99 7.63 12.79 6.35 0.02
Phonetographic data
melodic range (ST) 31 4.3 27.65 5.24 0.02
max. intensity range (dB) 45.44 5.27 40.31 5.06 0.002
max. intensity (dB) 99.96 5.53 96.35 5.67 0.26
max. intensity at f
/æ/
0 (dB) 83.8 4.05 81.54 6.43 0.5
f
/æ/
0 female (Hz) 208.75 35.77 209.67 41.4 0.47
Glottal closure data
normal to loud NA NA NA NA 0.35
normal to soft NA NA NA NA 0.005
normal to high NA NA NA NA 0.86
normal to low NA NA NA NA 0.81
Maximum phonation time was lower (a difference of 4.2 s) for the risk group than
for the control group (p < 0.05). Of the phonetographic measures, melodic range was
smaller for the risk group than for the control group (p < 0.02) with a difference in
the means of 3.35 semitones, and maximum intensity range was also smaller for the
risk group than for the control group (p < 0.002) with a difference in the means of
3.61 dBA.
There was no significant difference in the degree of glottal closure per voicing
condition between the control and risk groups. However, in comparing the within-
subject glottal closure score for normal voice with that of the other voicing conditions,
there was a bigger difference between the production of soft and normal voice in the
risk group than in the control group. From the illustration in Figure 3.3, it can be
seen that the number of subjects in the risk group with a larger glottal chink during
the production of soft voice as compared with normal voice is greater than in the
control group.
Non-significant results were found for jitter, shimmer, average fundamental fre-
quency f
/æ/
0 and the phonetographic measures of maximum intensity and intensity
range at f
/æ/
0 . Non-significant results were also found in the comparison of glottal
closure patterns for loud, high and low voicing conditions as compared to the normal
voicing condition.
3.6 Discussion
The research for this study was conducted using the standard protocols and instru-
ments available at the clinic. No special scales, protocols, or parameters were de-
veloped. Many other aerodynamic, acoustic and perceptual measures have been re-
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Figure 3.3: The two bars on the left in this figure show the number of subjects
whose glottal configuration was different for normal voice than for soft voice. The
control group is represented by the darker bar and the risk group by the lighter bar.
The two bars on the right show the number of subjects whose glottal configuration
remained unchanged, whether producing normal or soft voice. Again, the control
group is represented by the darker bar, and the risk group by the lighter bar.
ported on, and from a stringent methodological point of view, may have been better
choices than those on which we report. However, we specifically chose to report on the
measures which are used regularly at this and other clinics, where familiarity with
the more sophisticated objective measures may be limited. The results presented
here are part of a larger project which looks at automated voice source analysis, and
its relevance in the voice clinic, with particular emphasis on current clinically used
methods of assessment and treatment of the occupational voice.
The finding of objective parameters that may serve as indicators for the risk of
vocal overload is difficult for at least two reasons.
One reason is an inherent problem with the methodology of such research. Lon-
gitudinal studies are not applicable as it is not ethical to identify a risk group, and
refer only some of its patients for voice training or therapy. Yet this would be the
only exact scientific method to examine whether there is any predictive power in the
extracted acoustic parameters. This study tried to overcome this problem trying to
find a physiological reason for parameters with significantly different values for the
control and risk groups. The parameters examined in this study are all known to be
affected in some way by pathology. Thus, if a parameter that is known to be correlated
with, for example, hoarseness, had significantly different values for the control and
risk groups, we would suggest that voice training which concentrates on hoarseness
might be appropriate.
A second problem is the probability that, in testing twelve available measures
for this number of subjects (see Table 3.3) at a significance level of 0.05, some of
the measures may become significant by chance. When a parameter was significantly
different for control and risk groups at this level, we looked for a possible physiological
explanation for its effect on the robustness of the voice. We would suggest that, where
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such an explanation can be found, it is likely that the parameter is actually linked
with both the perceived and actual robustness of the voice.
3.6.1 Acoustic Data
Interpretation of jitter and shimmer measures, especially in relation to other re-
search, requires particular caution, given the variety of procedures and definitions
in use. However, although some degree of both these measures is necessary for nat-
ural sounding speech, jitter has been found to be positively correlated with unstable
voice quality, diplophonia, and creaky voice (Hammarberg 1986). Like jitter, shimmer
values have been found to be higher in vocal fold pathology than in normal voice (see,
for example, Baken & Orlikoff 2000, Pabon & Plomp 1988).
Jitter and shimmer Jitter and shimmer values were similar for both the control
and risk groups. The non-significant results may be due to the fact that the
groups were both healthy, and did not show signs of instability, harshness
or roughness, with which these measures may be associated (Hammarberg
1986, Laver 1980).
f
/æ/
0 There was no significant difference between the female control and risk subjects.
As was suggested for shimmer, this may have been because both groups were
healthy and were not perceived by the voice therapists as having a noticeably
high or low average f0.
3.6.2 Maximum Phonation Time (MPT)
Maximum phonation time is affected by lung capacity, the control of airflow from the
lungs through the glottis, and degree of leakage through the glottis. These are all
aspects of the ability of the subject to control the voice. We expected that the risk
group might have a lower MPT than the control group, indicating less control over
their voices. This was the case, with t-tests resulting in a p-value of 0.02.
3.6.3 Phonetographic Data
It is the practice of the voice therapists at the ENT department to consider ranges of
frequency (semitones) and intensity (dB (A)) as similar for men and women. There-
fore, the groups were not separated for sex for these measures.
The phonetogram contours represent the maxima and minima which the voice
can produce in terms of frequency and intensity. At these contours, production of the
voice requires extra effort on the part of the vocal apparatus. A larger phonetogram
indicates that the voice is likely to be more relaxed in the area used for normal speech,
whereas a small phonetogram forces the speaking area to approach or reach the limits
of the capacity of the voice.
Melodic range (p < 0.02) and maximum intensity range (p < 0.002) were signi-
ficantly different between the two groups. The risk group showed smaller values for
both variables. These findings corroborate results by Heylen (1997), who found sig-
nificantly smaller melodic ranges for female teachers with vocal fold nodules than for
women with healthy voices. Awan (1991) found that the melodic range increases with
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training. The ability to regulate the vocal apparatus as a whole is essential for the
production of different frequencies and intensities. These results might suggest lesser
control of the mechanisms involved in such regulation in the risk group. A smaller
frequency range may be a result of poor control of the range of laryngeal muscles. A
smaller intensity range may be due to poor control of the inspiratory and expiratory
abdominal muscles.
Care should be taken in interpreting the maximum intensity range parameter.
While, in this study, a smaller intensity range was indicative of a risk group voice, it
should be noted that it is possible to have a small frequency range and a large intensity
range, producing an abnormal phonetogram, as demonstrated by Schutte (1986).
Melodic range and maximum intensity range must be considered in combination.
From the phonetographic data, then, we suggest a combination of two further
parameters for inclusion in voice training, namely melodic range and maximum in-
tensity. Both these parameters might be increased during training, in order to provide
a larger voice.
3.6.4 Glottal Closure
The speech material, /pæ/, used for viewing glottal closure may have obscured the
very aspect of phonation in student teachers that could be expected to highlight
a robust voice. Abduction of the vocal folds during the /p/ occlusion may have
influenced the subsequent phonation. In addition, the epiglottis is more prone to
cover the view of the glottis during the production of an /æ/ vowel than that of an
/i/ vowel. The production of loud voice is particularly relevant to the groups in this
study. It has been found that an increase in intensity is accompanied by increased
closure (So¨dersten 1994), and therefore, a lower closure score and we expected that
the control group might alter their closure patterns in this direction, but to a lesser
extent than the risk group, indicating better control over the vocal folds. As both
groups were healthy, most of the closure scores for normal voice were between 1 and 3,
and therefore, the expected change in score is in precisely the range where the view
of the vocal folds was sometimes obscured.
The production of loud voice would be worth investigating on a larger scale with
a different choice of experimental material, in order to find a sufficiently large sample
for testing. For this study, it is questionable whether this type of examination was
appropriate. It required a lot of effort from the subject, and produced disappointing
results.
Within-subject glottal closure pattern differences across phonation types showed
that the female risk group employed significantly more glottal opening in the pro-
duction of soft voice as compared to normal voice (p < 0.005). It is not clear what
implications the production of soft voice might have on the teaching voice, but it
seems that one of the methods which people use in order to produce soft voice is to
increase glottal opening. The perception of breathiness and the degree of glottal open-
ing have been found to increase with decreasing intensity in other research (So¨dersten
& Lindestad 1990). Phonetograms for female teachers suffering from vocal strain
have shown higher intensity values for soft voice when compared with healthy female
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teaching voices, indicating greater difficulty in producing soft voice, and thus less
control over this aspect of voicing.
Increased glottal opening in the production of soft voice implies that voicing at
lower intensity itself is less efficient (Titze 1993). From our results, the control group
appears to have learned better regulation of the mechanism controlling intensity in
this voicing condition, without having to employ more glottal opening. With a more
robust voice, it may be possible to maintain a more complete closure during this
type of voicing. For the female student teacher population, the production of soft
voice might be a factor in voice training. We would suggest that training for efficient
voicing at different intensities is appropriate for this group. While the production of
loud voice may seem more important than that of soft voice, for this group, increased
vocal efficiency in terms of the production of soft voice may help to increase overall
vocal control. The male population would have to be examined in larger numbers to
draw any conclusions on glottal closure types.
3.7 Conclusions
Although it is not possible to say whether the risk group would have developed voice
problems, had it not been referred for training or treatment, we found objective
parameters that agreed with the group division by the therapists. These parameters
were maximum phonation time, melodic range, maximum intensity range, and the
difference in glottal configuration for the production of soft voice.
The perceptual judgement of the therapist and phoniatrician is still the most defin-
itive tool for analysing voice quality. This was the standpoint of this study. In looking
at the objective measures outlined above, a measure might be considered a good pre-
dictor of actual robustness if a physiological interpretation regarding robustness can
be found, and if it concurs with the perceptual impressions of perceived robustness
in the splitting of the groups into control and risk groups.
We have suggested possible explanations for the measures for which significant
results were obtained. We also suggest that these measures should be included in voice
training for student voices. Further comparative studies must investigate whether
training in the areas outlined can have any effect on the judgements of the therapists,
and whether the results of this study are further reflected in subjects who actually
suffer from occupational dysphonia.
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4 Study II
The use of the phonetogram in the evaluation of occupational voice1
4.1 Abstract
In this study, we consider the use of the phonetogram in the assessment of the
occupational voice. The parameters that are examined are related to frequency, in-
tensity and the shape of the phonetogram. The results of this study suggest that some
of the standard set of phonetogram parameters may be able to differentiate between
a control group of normal healthy voices and a risk group who were selected by voice
therapists as being susceptible to developing voice problems, despite the absence of
physical abnormalities or subjective difficulties with the voice. The risk group ten-
ded to have smaller phonetograms. A new measure, derived from the shape of the
upper contour of the phonetogram, is introduced as having relevance to the speaking
voice. However, neither this measure, nor the traditional set of parameters led to a
specific characterisation of robustness of the professional speaking voice. Suggestions
are made for further research, particularly for the investigation of a new phonetogram
parameter, the speaking field, which, in relation to the phonetogram, may be more
relevant in describing the speaking voice.
4.2 Introduction
4.2.1 The occupational voice
The voice is one of the most important tools available to the teacher. It is therefore of
utmost importance that the future teacher is possessed of a robust and fully functional
voice. Yet it seems that this group is widely over-represented at voice clinics (Titze
et al. 1997, Smith, Lemke, M, Kirchner & Hoffman 1998, Russell et al. 1998). A voice
therapist can screen student teachers for voice problems at the beginning of their
study, and if problems are suspected, the student can be referred to the voice clinic
for further examination and possible treatment. Some research has been carried out
on the prevalence of voice problems in student teachers (Simberg et al. 2000), where
up to 20% of the 226 students surveyed had voice problems of an organic nature.
This underlines the notion that voice screening should be a necessary part of every
teacher training course.
However, some student teachers set out with a healthy voice, and later develop
a voice problem severe enough to interrupt or even end the teaching career. This
type of problem not only has disastrous effects on the personal and social life of
the student/teacher (Yiu 2002), but also has consequences for society, particularly
considering the current shortage of educational personnel in the Netherlands and
elsewhere. It is therefore important to consider whether it is possible to ascertain
at the beginning of the teaching career whether a voice is adequately robust for
the classroom. Is it possible to identify voices at risk of developing occupational
1This study is a translated, revised and extended version of a published paper in Dutch (Orr,
de Jong & Cranen 2000)
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dysphonia, and to provide preventative training for such voices? Findings by Simberg
et al. (2000) and others (Buekers 1998, de Jong et al. 2001) indicate that not only
is clinical screening necessary, but that there is urgent need for more research on the
prevention of voice problems.
Occupational dysphonia can occur in normal voices, and is largely determined
by external factors, such as vocal overload, the speaking environment and psycho-
emotional stress (see, for example, Sapir et al. 1993, Gotaas & Starr 1993, Vilkman
2000). It is therefore difficult to predict. In principle, measures can be taken to remove
or reduce these factors, although in practice this is often difficult. It seems reasonable
to assume that some voices will be more prone to occupational dysphonia than others.
A constitutionally weak voice could conceivably be identified at the beginning of the
speaker’s career, being determined by factors such as the constitution of the vocal
apparatus, the musicality of the speaker and their personality type. In contrast to
external factors, these aspects of a person’s make-up are difficult to influence, and
may be indicators of susceptibility to occupational dysphonia.
As noted in other research, there are no established objective criteria which link
voice quality characteristics with robustness in the voice (Vilkman 2000). Research
has been carried out by the present authors on the ability of the standard tools
available at the voice clinic to identify aspects of robustness in student teachers (Orr
et al. 2002), and further work is in progress using inverse filtering as an analysis tool.
This current study addresses the use of the phonetogram for the purpose of identifying
robustness.
4.2.2 Phonetography
This study focusses on the use of the phonetogram for the identification of the con-
stitutionally weak voice (de Jong et al. 2001, Buekers 1998). In the voice clinic, the
phonetogram is only one of the methods of characterising the voice. A phonetogram
captures the possible range of the voice in terms of intensity and frequency. It is a
graphical representation of the frequency/intensity combinations that can be realised
with a particular voice during a particular recording. Figure 4.1 shows an example of
a normal phonetogram.
The phonetogram is also referred to as the voice field (Rauhut et al. 1979), the
voice area (Schutte & Sneider 1986) and the voice profile (Bloothooft 1982). Its shape
is generally an ellipse, whose main axes are not parallel to the frequency or intensity
axes. It is the general shape of this ellipse which initially strikes the clinician, giving
a direct global impression of the capability of the voice in question in terms of the
variation in loudness and melodic scale. Traditionally, phonetogram parameters are
calculated in terms of frequencies or intensities, or variations on their ranges. Some
work, for example Kotby, Abul-Ela & Orabi (1995) has derived values representing
the area covered by the phonetogram. Others (Heylen 1997, Sulter et al. 1995) have
derived measures of slope of the upper and lower contours.
Table 4.1 gives a summary of some of the main parameters used in the research
referred to here. Most of the parameters can be directly measured from the manually
recorded phonetogram, or simply extracted from computer-recorded phonetograms
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Figure 4.1: A phonetogram of a normal female voice. The speaking frequency,
indicated on the figure as f5st0 , (see section 4.3.2.1) is located at 144Hz, and is
marked in the phonetogram with a dashed line. On either side of the dashed line
are dotted lines indicating an arbitrary band of 3 semitones. Note the relationship
between this band and the steep part of the upper contour. Around the f 5st0 point
of this voice, a maximum of 80 dB can be reached. Should the speaker need to
speak more loudly than 80 dB, she must increase her f0. For this subject, it is
possible within three semitones of the f 5st0 point.
Table 4.1: Summary of parameters used in the analysis of phonetograms.
Intensity Frequency Morphology
habitual intensity speaking frequency slope of the upper contour
dynamic range melodic range slope of the lower contour
minimum intensity minimum frequency surface area
maximum intensity maximum frequency
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(Pabon & Plomp 1988). Some, however, are less straightforward, for example, the
habitual intensity and speaking frequency. These parameters indicate the intensity
and frequency with which the speaker generally phonates, and their definition differs
between researchers (Heylen 1997, Baken & Orlikoff 2000).
Parameters relating to the shape of the phonetogram are also variously derived.
The phonetogram shape has been described, for example, in terms of Fourier descrip-
tors (Sulter et al. 1994), or regression lines (Heylen 1997), the slopes of which have
variously been measured in semitones per dB (Gramming 1988), dB per octave (Kotby,
Abul-Ela & Orabi 1995) and dB per semitone (Klingholz & Martin 1983), yielding
slope values relating to the upper and lower contours of the phonetogram. There is
too little data for any consensus on the most appropriate measures for describing the
morphology of the phonetogram, but it would seem reasonable to focus on aspects of
shape which seem relevant to the research questions to be answered. For this study,
we focus on the parameters which we expect to be most relevant to the speaking voice.
4.2.3 Aim of the study
This study addresses two issues. Firstly, we look at whether it is possible to use
phonetogram measures reported on in other research, to differentiate between a con-
trol group and a group considered to be possibly at risk of developing occupational
dysphonia. Secondly, we look at the phonetogram measures in terms of their relevance
to the speaking voice, and recommend some new measures for further investigation.
4.3 Methods
4.3.1 Subjects
The criteria for inclusion in the research were:
- There were little or no subjective voice problems. When the voice therapist
suspected that there may have been a voice problem, it was such that there
was no necessity for preventative treatment.
- Laryngoscopic examination revealed no aberrance in the vocal folds.
- There were no general health problems which would influence the voice.
- Smokers were only accepted to the group if there were no audible effects of
smoking on the voice.
- There were no psychological problems which might cause psychogenic dys-
phonia.
From the students who were admitted to the initial group of subjects, it was
possible to separate them into a control and risk group, on the basis of the perceptual
judgement of the voice therapists. The control group consisted of 9 student teachers,
2 male and 7 female. The voices of these students were judged as normal and fully-
functioning. As the group was so small, it was supplemented by 16 subjects from
the normal population, 11 women and 5 men, so that there was a total of 25 in the
control group. These supplementary subjects had a higher average age, but also had
normal and fully functioning voices. They were assessed perceptually in the same way
as the students, by voice therapists at the ENT department at the University Medical
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Centre in Nijmegen. The whole group was then referred for phoniatric examination,
including standard clinical examination and video-laryngostroboscopy, so that vocal
fold pathology could be excluded.
The risk group consisted of 37 first year students from the teacher training college,
8 male and 29 female. None of the group had subjective voice complaints. However,
during the school screening, the voice therapists noted an audible voice quality which,
although insufficient to warrant referral for therapy, was sufficient to exclude the
students from the control group. The voice therapists at the ENT department also
assessed the risk group, concurred with these judgements, and the whole group was
referred to the phoniatrician for the same clinical and stroboscopic examination as
the control group. No vocal fold pathology was found in the risk group. The criteria
for separation of the groups into risk and control are given below in Table 4.2.
Table 4.2: Criteria for the separation of the student teachers and supplementary
subjects into risk and control groups.
Control Group (22–44 years, N = 25) Risk Group (17–26 years, N = 37)
no subjective voice problems no subjective voice problems
no vocal fold aberrations no vocal fold aberrations
no perceptual voice abnormalities during some audible anomalous voice
assessment by the voice therapist quality noted by the voice therapist
At the hospital clinic, more women present with voice problems than men, and the
ratio of men to women in the risk and control groups is representative of this. One
likely cause is the imbalance of numbers of male and female teachers in the profession
in general. Another, as suggested by Vilkman (2000), that the female fundamental
frequency, being almost twice that of their male counterparts, involves more vocal
fold collisions per second, and therefore proportionally more physical strain. Other
research has noted the same disproportionate representation of sex (see, for example,
Russell et al. 1998, Smith, Kirchner, Taylor, Hoffman & Lemke 1998), and most
research works with uneven subject groups. As a result of the imbalance in numbers,
it was not possible to match the groups for sex. In the analysis, subjects are separated
for sex where relevant.
4.3.2 Phonetogram registration
The phonetograms were registered manually by the voice therapist, using the utter-
ance /la/. They were made according to the UEP standard (Schutte 1986), with a
Bruel and Kjær sound level meter and a tone generator. Three categories of phoneto-
gram parameters, related to frequency, intensity and shape, were derived from these
registrations, and are described below. They are summarised in Table 4.3.
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Table 4.3: Summary of the parameters derived from the phonetogram, with a brief
description of what they represent
Parameter Description
Frequency-related
melodic range maximum frequency range in semitones
f0,max (male) maximum f0 for the male group
f0,min (male) minimum f0 for the male group
f0,max (female) maximum f0 for the female group
f0,min (female) minimum f0 for the female group
f5st0 (male) habitual speaking frequency for the male group,
taken as being the f0 located at 5 ST above f0,min
f5st0 (female) habitual speaking frequency for the female group,
taken as being the f0 located at 5 ST above f0,min
Intensity-related
Imax (male) maximum intensity for the male group
Imin (male) minimum intensity for the male group
Imax (female) maximum intensity for the female group
Imin (female) minimum intensity for the female group
ISfmax (male) maximum intensity at the f
5st
0 for the male group
ISfmax (female) maximum intensity at the f
5st
0 for the female group
Irange maximum dynamic range, from Imax to Imin
ISfrange intensity range at f
5st
0
Shape-related
UC1 the slope of the steep first part of the upper contour
UC2 the slope of the flatter second part of the upper contour
LC the slope of the lower contour
4.3.2.1 Frequency measures
Melodic range, habitual speaking frequency, f 5st0
2, maximum frequency, f0,max and
minimum frequency, f0,min were determined. Melodic range was expressed in semi-
tones, and the other frequency parameters in Hz. For the melodic range, no distinction
was made between male and female groups, as male and female melodic ranges are
comparable. There is no universally accepted measure of habitual speaking frequency.
Different measures have been used by different authors, for example, the arithmetic
mean of f0 values, the modal value of f0, or an f0 of five semitones above the minimum
f0. The mean and modal values are variously calculated from read text, spoken text,
or even a sustained vowel produced at a comfortable pitch and intensity, as chosen
by the subject. There is also the ‘dropback’ f0. This is the frequency identified by
the voice therapist as the frequency where the speaker returns for relaxed utterances
such as ‘uh’, or ‘em’.
In this study, we opted for a measure which sets the f 5st0 at five semitones above
the minimum f0, as it was practically simple to include in the registration of the
2The habitual speaking frequency, often referred to as Sf0, is presented in this chapter as f5st0 ,
to clarify that it is the frequency located in the phonetogram at 5 semitones above the minimum
achievable f0.
4.3. Methods 75
phonetogram, and needed no extra computation. The remaining frequency measures
were separated for sex, in line with other published data (Heylen 1997, Heylen et al.
1996).
4.3.2.2 Intensity measures
The intensity measures were maximum intensity, Imax, minimum intensity, Imin, max-
imum intensity at f5st0 , I
Sf
max, maximum dynamic range, Irange, and dynamic range at
Sf0, I
Sf
range. The intensity range measures were not separated for sex, as they com-
pare across male and female groups (Buekers 1998). The other intensity measures
are separated for sex. As with the frequency measures, the intensity measures were
tabulated for comparison with other research.
4.3.2.3 Morphological measures
The aim of parameterising the shape of the phonetogram was to provide numerical
measures representative of the salient aspects of the upper and lower contours. In the
vocal profile index for children (Heylen et al. 1996), the upper contour was split into
two parts at the point where the voice switched to falsetto register. A tangent to the
flatter part of the contour was manually drawn, and the slope of that tangent was used
as a shape characteristic. For our study, we chose a different approach, as we were
dealing specifically with the speaking voice, and wanted to relate the shape measures
to the habitual speaking frequency. Although our choice of the exact measure of
Sf0 was quite arbitrary, given the numerous alternatives (see section 4.3.2.1), five
semitones above the f0,min is often used clinically as a good estimation of where a
normal subject’s speaking voice is located. Following the voice therapists’ impressions,
we assume here that the normal speaking f0 range is fairly evenly located around the
f5st0 . In practice, this area of the phonetogram falls more or less under the steep
initial part of the upper curve, shortly after which, the curve flattens out.
It is known that increased intensity is often coupled with an increase in f0. Look-
ing at the example of a normal phonetogram in Figure 4.1 earlier in section 4.2.2, this
seems logical. The speaking range lies under the part of the curve where the maximum
intensity for the speaking frequency rapidly increases. At f 5st0 , the maximum achiev-
able intensity is 80 dB. If the speaker is required to speak more loudly, then their f0
must increase. For intensities above 85 dB, the speaker must make a substantial shift
upwards in f0, of more than 3 semitones above the habitual speaking frequency. For
the speaker who is recorded in this phonetogram, the maximum achievable intensity of
80 dB at the speaking frequency is probably adequate for standing in front of a class,
although intensities of up to 90 dB have been recorded in class situations (Buekers
1998).
However, it is not uncommon to record a voice where the maximum intensity at the
5 semitone speaking frequency is in the region of 70 dB. While this may be adequate
for everyday speech, it would almost certainly not be adequate for the classroom,
even in good acoustic conditions. Such a speaker would have to shift their speaking
frequency upwards in order to reach the intensities required to teach a class. We would
reason that any substantial displacement of the speaking frequency towards the higher
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frequencies, as a result of demands for greater intensity, would put the voice under
abnormal strain, and could be damaging. As a result of these observations, we decided
to characterise the upper contour as described in the following paragraphs.
The frequency/intensity points measured by the voice therapists were read into
the computer and the phonetogram was graphically reconstructed. The upper contour
was divided into two sections, namely the first steep section in the low frequency area
and the flatter section in the higher frequency area. The breakpoint in the upper
contour for the two sections was the f 5st0 . Regression lines were fitted through the
two sections, and the slopes were used as the representative numerical values.
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Figure 4.2: A phonetogram of a male speaker. The vertical line at 144Hz shows
the point f5st0 which is 5 semitones above the minimum f0. UC1 is the regression
line drawn through the points from the minimum f0 to the f
5st
0 in the upper
contour. UC2 is the regression line from f 5st0 to the maximum observed f0. LC is
the regression line drawn through the lower contour.
As in other research, for example (Heylen 1997), a single regression line was fitted
to the lower contour, and this was represented by the slope. Slopes were measured in
dB/ST. Visual inspection of the fitted regression lines confirmed that there was, in
most cases, a good fit. Examples of this are shown in Figure 4.2.
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4.3.3 Statistical Analysis and Results
For the Voice Strain project, there was a limit placed on the amount of data which
could be collected. The data which was used in other chapters in this thesis comes
from the same subject group. The type of data in the other chapters, for example,
Chapter 7, provided more than sufficient observations to run the statistical analysis, as
there were many samples of speech data collected per subject, and much of it could be
pooled for the analysis. The phonetogram data was more limited. Phonetograms were
not made for all of the subjects, and there was only one per subject. Furthermore,
the subjects had to be separated for sex for many of the measures being tested. No
power analysis was performed before the data was collected, and the initial testing of
the data was carried out on the basis of an arbitrary significance level of p ≤ 0.05.
4.3.3.1 Post hoc testing for adequacy of sample size
Using the standard deviation, the actual difference in means of risk and control groups,
an α-value of 0.05, and a β-value of 0.20, we used a power calculation for t-tests in the
statistical computing environment R (R Development Core Team 2003) to calculate
the sample sizes which would be required to run t-tests on our data. Of the eighteen
parameters, Irange, I
Sf
range, melodic range, f0,min for the male group, Imin for both
male and female groups, and the UC1 slope had a sufficiently large sample size. For
the rest of the parameters, the power would have been below 80%. For some of
the parameters, the required sample size would not have had to be much greater,
whereas for others, the number of subjects required would have been as large as 750
(for example, LC, f5st0 ). We wanted to examine the parameters which most clearly
show that there is a difference between risk and control group. Increasing the sample
size to any great extent would not, in our opinion, have helped in finding the most
relevant parameters. In Table 4.4, we present the results of one-way unpaired Welch
t-tests for these parameters.
4.3.3.2 Choice of t-test
Although the power and significance levels are low, they were chosen on the basis
of two groups’ being judged as healthy and normal by the voice therapists. Any
difference would be expected to be small. There is sufficient clinical evidence from
other research to be able to predict the directions of expected differences between
a control group an a group with less robust voices. For example, in Heylen (1997),
female teachers with vocal nodules have larger phonetograms after therapy. In Kotby,
Say, Bassiouny, Khiohe, Abourass & Hegazi (1995), measures of minimum intensity
and frequency are higher for voices with vocal fold injury or voice dysfunction than
for normal voices. Corresponding measures of frequency and intensity maxima are
lower. We would expect similar findings for our groups, but to a lesser degree. We
would also expect that the slope of the initial part of the upper curve, UC1, would be
steeper for the control group than for the risk group, as we would expect non-robust
voices to have difficulty reaching higher intensities within the speaking range. We
therefore concluded that one-way t-tests were appropriate.
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Table 4.4: Table of statistics from analysis of the parameter values taken from the
phonetograms. p-values are the results of one way Welch t-tests for independent
samples of unequal variance. Where no p-value is given, this is because the sample
size was too small to achieve significance at the level of p ≤ 0.05, at a power
of 80%.
Parameter unit Control Group Risk Group
mean st. dev. mean st. dev. p-value
Frequency-related
melodic range ST 30.73 4.22 28.75 5.24 0.066
f0,max (male) Hz 665.15 153.88 650.42 297.23 -
f0,min (male) Hz 94.42 16.92 111.33 18.21 0.063
f0,max (female) Hz 842.64 153.21 822.84 168.00 -
f0,min (female) Hz 151.25 22.47 158.8 26.53 -
f5st0 (male) Hz 124.25 22.55 135.09 11.58 -
f5st0 (female) Hz 210.15 37.04 212.82 37.41 -
Intensity-related
Imax (male) dB 100.5 2.95 102.17 8.47 -
Imin (male) dB 50.33 3.5 57.33 5.82 0.017
Imax (female) dB 98.87 6.05 98.27 4.96 -
Imin (female) dB 54.53 4.36 57.58 3.73 0.016
ISfmax (male) dB 80.5 1.23 83.67 9.48 -
ISfmax (female) dB 84.8 3.80 84.54 5.31 -
Irange dB 46 5.18 41.47 5.27 0.002
ISfrange dB 36.67 5.02 35.25 6.66 0.191
Shape-related
UC1 dB/ST 0.566 0.406 0.403 0.190 0.045
UC2 dB/ST 0.012 0.014 0.014 0.020 -
LC dB/ST 0.051 0.013 0.054 0.020 -
From these remarks, it seems that we can only speak of significant difference
between control and risk groups for four of the eighteen parameters.
4.4 Discussion
As pointed out in the previous section, research on problematic or dysfunctional
voices shows that such voices have smaller phonetograms than normal voices. In
other studies in this dissertation, we suggest that robustness is related to the degree
of control and efficiency present in a voice. In order to produce a large phonetogram,
a subject must have considerable control over their voice, and sufficient efficiency to
produce the very high and low frequencies at the different extremities of intensity. A
less robust voice might be expected to have a generally smaller phonetogram.
None of the frequency measures was significantly different between the groups. The
minimum intensity for male and female subjects and the intensity range were smaller
for the risk group than for the control group. Of the shape-related parameters, the
UC1 slope was steeper for the control group than for the risk group.
Despite the sample size for the phonetogram data not being large enough to draw
4.4. Discussion 79
any strong conclusions from the results of the t-tests, the actual differences in means
for most of the frequency and intensity parameters show that our expectations of the
directions of difference were justified. This can be seen in Table 4.4. The exceptions
are two of the parameters related to the speaking frequency, namely the intensity
range at f5st0 and the maximum intensity at f
5st
0 . The measure of speaking frequency
that we used, being five semitones above the minimum frequency, was chosen for ease
of measurement. However, as the difference between Imin for both male and female
groups was significant, with higher minimum frequencies measured for the risk group,
this could mean that the speaking frequency for the risk group falls somewhat lower
than five semitones above the minimum frequency. This may explain the higher f 5st0
intensity range and maximum f 5st0 intensity for the male risk group.
Large differences between the risk and control groups were not expected, as they
were both considered vocally healthy. Results from experiments in the other chapters
in this dissertation indicate that there were small differences between risk and control
groups. We believe that there is a difference between the risk and control group, and
that the tendency of the risk group to have smaller ranges for frequency (melodic
range) and intensity (Irange), as well as limited ability to reach the required intensity
at the habitual speaking frequency (UC1) illustrates this difference.
Although some of the traditional phonetogram parameters were able to differ-
entiate between our groups, and although the general tendency of mean values was
mostly in the expected direction, these differences do not relate directly to the speak-
ing voice. The new slope measurement presented here, UC1, could be interpreted
as giving some information about the attainable intensity of the speaking voice, but
there is no consensus about the most appropriate measure of speaking frequency.
It would be important to test this measure on a less arbitrary measure of speaking
frequency, discussion of, and suggestions for which are given in section 4.4.1.
It is our impression that the traditional measures taken from the phonetogram
give little insight into the student teacher’s voice. Further observation of patients,
motivated by this research, and the introduction of computerised phonetography (Pa-
bon & Plomp 1988) in the voice clinic in Nijmegen led us to reconsider the notion of
speaking frequency and its relation to the phonetogram.
4.4.1 Suggestions for measures more relevant to the speaking voice
It seems logical that one area within the phonetogram which is likely to help charac-
terise the professional speaking voice is the area where normal speaking, as opposed
to phonation at frequency and intensity extremes, takes place. Of the initial para-
meter set, there were a number of measures which were related to the notion of a
speaking frequency. The measure of speaking frequency which we used, f 5st0 , defined
as the f0 at five semitones above the minimum f0, was felt to be too arbitrary, and
often not representative of the clinician’s impressions of speaking frequency for sub-
jects with small phonetograms. It often seemed too high. Also, it was often placed
in an intensity range where the necessary 75 to 80 dB would be achievable, but it
was felt that the real speaking frequency would often fall in the lower range where
the ideal intensity for the classroom could not be reached. This was the case for
the risk group, where the minimum intensity was higher than for the control group.
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Gramming (1988), suggests that speaking frequency is between 10% and 20% above
the minimum frequency, introducing the idea that the f 5st0 is proportionally located
in the phonetogram area. For small phonetograms, a f 5st0 would not represent the
actual Sf0, assuming that the five semitone point is actually representative of the
normal speaking voice.
Other measures of speaking frequency meet with similar problems. The ‘drop-
back’ frequency noted by the voice therapists during voice assessments represents
a very specific type of vocalisation, produced at a relaxed frequency and intensity.
Speaking in front of the class will always involve extra vocal effort, in order to raise
the intensity, and it is unclear what the relationship between a ‘dropback’ f0 and
the teaching voice would or should be. Measures of average or modal values from
speech differ greatly according to the type of speech used. A children’s poem read
aloud will have more frequency variation than reading the stocks and shares from a
newspaper. Recounting holiday stories will differ from describing the course content
of undergraduate Economics courses. A sustained vowel is also sometimes used for
calculating speaking frequency, but the Nijmegen voice therapists consider that this
often produces an f0 above their impression of the normal speaking voice.
In view of these shortcomings of the habitual intensity and frequency measures,
we considered an alternative approach to the problem. Initially, it seemed that modal
values extracted from running speech would be preferable to any other measure. How-
ever, the distribution of frequencies from most normal running speech often has two
and sometimes three peaks. Furthermore, it is not certain what information a single
frequency value would add to the characterisation of the speaking voices.
Rather than looking at single measures of central tendency for frequency or in-
tensity, we considered that habitual speech would be better represented by ranges of
f0 and intensity values, extracted from a section of running speech. With compu-
terised phonetogram registration methods (see, for example, Pabon & Plomp 1988)
this could be visually represented by a speaking frequency/intensity space within the
actual phonetogram. Of interest for the speaking voice would be the shape of such
a space produced by a piece of spoken text, the way in which the space would be
filled—for example, at what parts of the space does the speaker speak the most, and
the relationship of this space to the greater phonetogram. For the professional voice,
the placing of such an habitual speaking space within the larger phonetogram might
give a better idea of whether the speaking voice has a more strained or more relaxed
setting with respect to the contours.
In the descriptions below, we refer to this area within the phonetogram as the
speaking field. The idea is not new. Hacki (1988, 1999) has also recorded f0 and
intensity in real time onto a two dimensional plot, and placed it within the phoneto-
gram. However, we have not found references for the cell density information which is
present in the figures below for visual information about f0 variation during speech.
The observations about the phonetograms below are nothing more than observa-
tions, supplemented by undocumented intuition and experience related by the voice
therapists. They are presented only as an idea for gathering further information about
the speaking voice. Structured data collection is of course necessary to substantiate
these remarks.
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The phonetograms in Figure 4.3 below are examples of healthy normal voices with
large phonetograms, and good speaking voices, as judged by voice therapists at the
Nijmegen clinic. The blue/gray shaded areas indicate the backgrounded phonetogram
contours. The red, green and yellow cells indicate the speaking area. The most
often used frequency/intensity combinations are indicated by red cells, with less often
combinations indicated by yellow cells, and green representing the least often used
combinations.
The visual information from these phonetograms is more informative than a single
measure of either frequency or intensity. It is immediately apparent that the speak-
ing voice is situated close to the minimum frequency, at an intensity in the middle or
slightly above the middle of the range in this area. Green cells outside the phoneto-
gram in the frequency range between 0 and 100Hz are instances of creak. The male
speaker has less frequency variation but more intensity variation than the female
speaker. The female speaker is never phonating at the edge of her ability, whereas
the male speaker does. However, the most used cells indicate that both speakers
phonate mostly at easily achievable combinations of frequency and intensity.
Figure 4.4 illustrates the difference between the type of material used for assessing
the speaking voice. The top phonetogram, with a speaking field of a recitation of a
children’s poem shows quite some variation in frequency, with higher modal values
than the bottom phonetogram.
The bottom phonetogram is situated closer to the edge of the lower part of the
phonetogram. This is quite interesting. Both recordings were judged by the voice
therapist as normal, which is to say that there was no noticeable strain or tension in
the voice. A voice which is situated so close to the extremes might be expected to be
quite strained. The male speaking field in Figure 4.3 was also close to the edge of the
phonetogram, but not considered strained in any way. This confirms the experience
of the voice therapists, who note that the ‘dropback’ frequency often falls close to
the edge of, or even outside the phonetogram, at a lower frequency than f0,min. This
would suggest that conscious control of the voice, to produce required frequencies and
intensities, is less easy than simply speaking. It is possible that a degree of tension is
present in conscious speaking tasks which is not present in running speech.
If the speaking field in the bottom phonetogram were to be used for estimat-
ing the speaker’s ability to speak easily in class situations, one might conclude that
the habitual speaking frequency would have to be shifted considerably in order to
achieve the required intensities of around 80 dB. However, the top phonetogram shows
that in reading a poem, the habitual frequency is higher, and that for this type of
task, the necessary classroom intensity would be easily within reach. Reading a
poem—performance speech—is a different task from normal quiet speech, and may
involve different vocal settings. Even though the top speaking field was recorded in a
small room, with only two persons present—the voice therapist and the speaker—the
speaker automatically moved to a different manner of speaking. The intensity range
of the poem is larger, and the intensities used are higher than for the job description
in the bottom speaking field. In an assessment of student teachers’ voices, both types
of speaking field are probably informative.
Figure 4.5 illustrates two dysphonic voices. The text is comparable to that of the
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Figure 4.3: Two phonetograms showing a male voice profile (top) and a female
voice profile (bottom). These voices were assessed as normal healthy voices.
The blue shaded areas indicate the backgrounded phonetogram contours. The
red/yellow/green areas indicate speaking area.
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Figure 4.4: Two phonetograms showing a female voice profile reciting a children’s
poem (top) and describing her job (bottom). The voice was assessed as normal and
healthy. The blue shaded areas indicate the backgrounded phonetogram contours.
The red/yellow/green areas indicate speaking area.
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poem in the previous figure, in that it is performance speech, and probably close to
that used in the classroom. The female patient, despite a dyscongruent phonetogram
with limited ability to produce a range of frequencies at the lower intensities, produces
a speaking field which is well within her capabilities. The voice therapist’s impression
of this voice was that, although the material was for performance speech, the speaking
frequency was sometimes too high. While the red cells for this voice are concentrated
around a similar frequency range to that of the poem of the previous figure, and the
f0,min values were also similar, the patient’s speaking range is proportionally higher in
the larger phonetogram. In principle, the speaking field is not at frequencies generally
considered high for a female voice. However, it can be seen that the speaking field is
small, and that the green cells appear mostly to the right. The variation of green cells
around the red cells seen in all the other speaking fields is very one-sided here, and may
contribute to the voice therapist’s impression that the voice was too high. However,
the speaking field is located in an area which would allow the speaker to produce
higher intensities easily, so it is possible that she would not experience difficulties
with classroom speech.
The male voice in the bottom phonetogram has much greater frequency and in-
tensity variation, and occupies almost half of the entire phonetogram area. The red
cells, indicating the most used area, lie right along the edge of the speaking field.
It is hardly surprising that the voice therapist’s impression of this voice was that it
was strained and unsteady. The small phonetogram shows that the subject could not
produce any great ranges of intensity or frequency.
For the teacher’s voice, it would be necessary to record a large set of phonetograms
with speaking fields for different sorts of speech material, to include performance
speech, didactic speech and quiet conversational speech. This latter may be difficult
to elicit, but would be informative for comparing how a speaker alters their manner
of voicing before a class or an audience. The placement of the speaking field withing
the phonetogram would give the voice therapist an idea of whether the speaker has
sufficient voice space for the classroom situation. The phonetograms included here are
intended as an example of the direction in which further research might go, in order
to extract more relevant information about the speaking voice from a phonetogram.
4.5 Conclusions
For this study, we looked common measures taken from the phonetogram. Although
the differences between risk and control groups were in the expected directions, the
results provided little information which could be applied directly to the speaking
voice.
We also looked at a new measure of the slope of the upper curve of the phoneto-
gram. This measure may indicate the ability of a speaker to reach higher intensities
at the speaking frequency area. Risk voices had less steep slope measures, indicat-
ing that they needed to speak at higher frequencies than the controls in order to
reach higher frequencies. Lack of an acceptable measure of speaking frequency, used
both in the estimation of the measure and in its interpretation, meant that a proper
interpretation of this new parameter was not possible.
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For the occupational voice, it is the area of the speaking voice that is of primary
interest. We suggest that the real-time recording of different types of speech material,
placed within the phonetogram, would offer more insight in to the speaking voice, and
the interpretation of the phonetogram in terms of robustness. Some illustrations of
such phonetograms are presented. From the informal observations on the sample
phonetograms provided, it seems that the relationship of the speaking field to the
phonetogram gives more information than a single measure of habitual frequency or
intensity alone.
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Figure 4.5: Two phonetograms showing a dysphonic female patient with vocal
fatigue (top) and a male patient with a polyp on one vocal fold (bottom). Both
speaking fields represent a recitation of a passage from a children’s story.
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5 Study III
An investigation of the parameters derived from the inverse filtering
of flow and microphone signals1
Abstract
This paper is a part of a project concerning the finding of objective characteristics of
susceptibility to voice strain. In that project, measurements were made of simultan-
eous recordings of microphone speech, oral flow, oral pressure and EGG. A comparison
is made of parameters extracted from the inverse filtered waveforms of oral flow and
speech pressure from these recordings, that is, with and without a face-mask.
Microphone and flow recordings of the syllable /pæ/ were inverse filtered. The
parameters speed quotient (SQ), open quotient (OQ), the amplitude difference be-
tween the first and second harmonic (H1-H2), and a measure of spectral slope were
extracted from the glottal wave form.
Initial analysis was intended to show a correlation between the parameter values
for mask and non-mask recordings. The expected correlation was not forthcoming,
and a re-assessment of the methodology was required.
An analysis of variance was then carried out to examine the effects of three inde-
pendent variables: presence of the flow-mask, presence of an endoscope, and voicing
condition. The results showed that the presence of the mask used for the flow record-
ings had a significant effect on the parameters which were examined.
The explanation for these results includes the psychological effect of the mask,
inconsistent voicing strategies on behalf of the subjects, possible large within-speaker
variation, and the acoustic effects of the flow mask.
5.1 Introduction
It is generally assumed that the speech signal that is radiated from the mouth can be
approximated by a first order differentiation of the airflow at the mouth (Flanagan
1972). The spectral effect of this transformation from airflow to pressure waveform
can be modelled as a boosting of the spectrum by 6 dB per octave. As a consequence,
the recording of speech with a pressure sensitive microphone at a short distance from
the mouth should capture essentially the same information as the volume velocity
waveform at the lips, with the exception of DC flow.
In earlier research (Orr, Cranen, de Jong & Boves 2000) we assumed that flow
derivative and sound pressure represent virtually the same information and presen-
ted the results of a straightforward comparison of voice source parameters that were
extracted from inverse filtering using recordings of both airflow and sound pressure.
Each subject in a group of twenty non-pathological subjects produced two record-
ings. One recording was made with a flow-mask, the other with a microphone. The
1The work in this chapter was presented at the Geneva workshop on voice quality, VOQUAL
’03 (Orr et al. 2003)
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recording conditions were identical to those described in section 5.2.3 below. The
spectral measures extracted from those recordings were maximum flow declination
rate MFDR (Holmberg 1993), difference in amplitude between the first and second
harmonics, H1-H2 (Klatt & Klatt 1990, Fant 1995) and a measure of spectral slope
(see section 5.2.6.2 below). These parameters were used to compare flow and mi-
crophone signals, using t-tests for comparison of the means, and Pearson’s Product
Moment test for correlation. We did not find a strong correlation between flow- and
microphone-derived parameters. Furthermore, for MFDR, H1-H2, and spectral slope,
we found significant differences between the two conditions.
This was not the expected result. If the assumption regarding the relationship
between flow waveform at the mouth and the sound pressure waveform is correct, it
is to be expected that the parameters derived from these signals would be comparable.
Given the fact that the subjects produced the two recordings within a relatively short
period of time, we did not expect to see such a large between-session variation.
This raises the question of what may have caused these unexpected findings. A
first explanation is that the processing of the data for this type of experiment is an
intricate procedure and the dataset is very large. It is imaginable that an error in one
or more of the semi-automatic processing steps may have led to our results.
Secondly, the data in Orr, Cranen, de Jong & Boves (2000) were obtained by one
researcher who had visually inspected the inverse filtered waveform data carefully,
and made judgements about which samples were acceptable for parameter extraction
The subjective element in the selecting of adequately inverse filtered speech samples
for use in analysis could also lead to error. Precise criteria for acceptance or rejection
of a particular waveform are difficult to formulate.
Thirdly, other research has shown that within-subject variation can be large for
some of the parameters included in this study (Holmberg 1993). It could be that,
contrary to our intuition, normal within-speaker variation concealed the correlation
that we were looking for. It may also be that our group included subjects with
absolutely no experience about experimental procedures, and some of them may have
experienced the face-mask as a hindrance, which may have led them to use different,
possibly more tense voicing strategies.
A further possible source of difference may be the physical properties of the flow-
mask itself (Rothenberg 1973, 1977, Herteg˚ard & Gauffin 1992). The frequency re-
sponse is generally flat only up to about 1.6 kHz, and the high frequency information
is limited. The variation in how the nose, mouth and face of the subject fill the mask
has an effect on the acoustics of the cavity inside the mask.
Finally, it may be that the initial approach to the statistical analysis was too
simplistic, and that more formal statistical tests should be run on the data.
In this paper, we have a renewed look at the experiment in which we conducted a
within-speaker comparison of speech samples from a group of 61 subjects, with and
without a flow-mask. We take a closer look at the accuracy of the data processing,
the subjective elements involved in selecting adequately inverse-filtered samples, and
the type of analysis used for finding the expected correlation. The methodological
difficulties in testing this assumption are discussed.
5.2. Materials and Methods 89
5.2 Materials and Methods
5.2.1 Subjects
There were 61 subjects, 16 males and 45 females. The age range was 18 to 44 years
for the male group, and 17 to 41 years for the female group. Subjects were included
in the group after phoniatric and logopedic examination established normal voice and
healthy vocal folds. The subjects took part in the experiment on a voluntary basis.
5.2.2 Phonation Task
Each subject was required to produce a series of at least three repetitions of the
syllable /pæ/, at a rate of about 1.5 syllables per second. Each series was produced
at preferred levels of pitch and intensity to produce five voicing conditions of normal,
soft, loud, low and high voice.
5.2.3 Measurements
The five voicing conditions were recorded with four different experimental set-ups.
The signals that were recorded for each experiment are listed in Table 5.1 below. For
each voicing condition, the recordings were made four times: twice with a flexible
endoscope inserted through the subject’s nose, and twice without. The endoscopic
data was collected as part of a larger project concerning susceptibility to voice strain.
With the flexible endoscope in place, simultaneous videostroboscopic recordings were
made, which were to be used for information on glottal behaviour for the five voicing
conditions. Subjects were given a warming-up period before the speech recordings,
in order to familiarise themselves with the speech tasks. Due to the invasive and
sometimes uncomfortable nature of the flexible endoscope, not all conditions could be
obtained for all subjects. The sample size for each condition ranged from N = 47 to
N = 60.
Table 5.1: Data recorded for the four experiments.
Exp. Mic Flow Oral EGG Stroboscopy
Pressure
1 • •
2 • • •
3 • • •
4 • • • •
5.2.4 Recording Procedure
The microphone recordings were made using a Bruel and Kjaer microphone (4133)
and a Bruel and Kjaer amplifier (2619). The oral flow and pressure were measured
with a circumferentially vented pneumotachograph mask (Glottal Enterprises) with a
heated double screen wire mesh, in combination with a Glottal Enterprises amplifier
(MS-100A2). Directly before and after the flow recordings, both the flow and pressure
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sensors were calibrated in order to get absolute pressure and flow measures and to
ensure consistency of measurements.
The EGG signals were recorded with a (Laryngograph Ltd.) laryngograph.
The videostroboscopic images were recorded on a Super-VHS video recorder using
a flexible endoscope (Olympus ENF type P3) and a Kay RLS 9100 Rhino-Laryngeal
Stroboscope. This data was collected as part of a larger project on the professional
teaching voice, but were not processed for the experiments reported in this study.
The signals were recorded simultaneously on a 14-channel FM-recorder (TEAC
XR510). The recordings were made at a tape speed of 19.05 cm/s allowing for a flat
frequency response up to 5 kHz. For optimal use of the available dynamic range,
the microphone signals were recorded on three different channels with low, medium
and high input gains. In this way, it was ensured that at least one version of each
signal would have an acceptable signal to noise ratio without having to adjust the
microphone amplifier. The EGG and flow signals were similarly recorded, each at
two different levels, on two different channels.
5.2.5 Signal Processing
After the recordings, all signals were simultaneously digitised at a 10 kHz sampling
rate per signal and then demultiplexed.
Because acoustic signals travel with the speed of sound, the variations that are
measured by the sensors at the lips (pressure transducer in the flow mask or the
microphone) are not in synchrony with the motions of the vocal folds. There is a
delay that is determined by the travelling distance, which was estimated as approx-
imately 22 cm. In order to compensate for this delay, the EGG signal was shifted 6
samples (0.6ms). We did not try to compensate for the difference between vocal tract
length in male and female subjects.
It was then low pass filtered with a linear phase filter without introducing any
further time shift in the filtered signal. The voiced sections of the time-derivative of
the filtered EGG signal were used to determine the time of closure for each period,
using a peak-picking algorithm which detected maxima and minima.
The microphone signal, which prior to digitisation had already been filtered by
means of an analogue high-pass filter (cut-off frequency 22.4Hz) in the B&K amplifier,
was treated a second time with a digital high-pass filter to eliminate any remaining
low frequency distortions, using a linear phase filter and with a cut-off frequency of
approximately 20Hz and a flat frequency response above 70Hz. It was then phase-
corrected to compensate for phase distortion introduced by the analogue high-pass
filter of the microphone amplifier. This signal was automatically inverse filtered by
means of pitch synchronous inverse filtering using covariance LPC on the closed glottis
interval. It was then low-pass filtered at 1500Hz, again using a linear phase filter, so
that the bandwidth would correspond with that of the flow signal.
The calibrated flow signal was inverse filtered in the same way as the microphone
signal. It was also low-pass filtered with a linear phase filter with a cut-off frequency
of 1500Hz.
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5.2.6 Characterisation of the acoustic voice source
Table 5.2 below gives a summary of the parameters used for comparison of phonation
in the presence and absence of a flexible endoscope. A description of how these
parameters were extracted follows below.
Table 5.2: Parameters used in this research.
time-related spectral
OQ H1-H2
SQ spectral slope
f0
The parameter MFDR, which was reported on in the earlier research, was left
out of this analysis, as we are still considering the proper manner of normalisation of
values, so that MFDR can be compared between flow and microphone recordings.
5.2.6.1 Time-related parameters
A practical approach was taken to the problem of defining the opening and closing
moments. Looking ahead in time, closure is defined as the moment where the glottal
flow derivative exceeds for the first time 50% of its minimum. For the moment
of opening, a similar criterion is used, based on where the derivative reaches its
maximum. Starting at the maximum, and looking backward in time, the moment
of glottal opening is defined as the moment where the glottal flow derivative for the
first time drops below 50% of its maximum. Figure 5.1 below illustrates the selection
of moments used to derive the time-related parameters SQ and OQ. Denoting two
successive closing moments with Ci and Ci+1, the opening moment in between with
Oi, and the moment of maximum flow as Pi, then OQ = (Ci+1 − Oi)/(Ci+1 − Ci),
SQ = (Pi −Oi)/(Ci+1 − Pi).
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Figure 5.1: Moments on the glottal flow waveform (upper window) and flow de-
rivative (lower window) from which the time-related parameters OQ and SQ were
derived.
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5.2.6.2 Spectral Parameters
For calculation of the spectral parameters, the stable parts of the /æ/ were selec-
ted and divided into equal length sections of 1024 samples. Peaks in the calculated
spectrum were assumed to be harmonics, and their frequencies and amplitudes were
recorded. From these measures, the spectral parameters in Table 5.2 were calcu-
lated. H1-H2 represents the difference in amplitude (measured in dB) between the
fundamental frequency and the component with double that frequency. The average
spectral slope was estimated by fitting a regression line through the harmonics lying
in the range from 2f0 to 1000Hz. It is expressed in dB per octave.
In order to compare results from the most reliably inverse filtered speech samples,
only the stable stationary parts of the vowel were analysed. The time-related para-
meters were extracted from each glottal cycle of vowel segments over the entire utter-
ance. For each glottal cycle that was included in the selection, the parameters were
calculated, and a mean value was determined for each utterance. This was then used
to characterise the voice of each subject.
The spectral parameters were calculated from sections of beginning of the final
vowel. The reason was that very different parameter values could be observed in the
dying out of the vowel, where vocal effort would be reduced such that the laryngeal
musculature would relax and produce a less efficient voice. The spread of values per
glottal cycle was smaller with this approach.
5.2.7 Checking of the signal processing
As the correlation between flow and microphone parameters was not seen from the
initial tests, we decided to check the signal processing. The processing procedure was
intricate and involved a number of steps. Should any error occur in any of the steps,
the outcome could be seriously influenced.
The procedure involved A/D conversion of the FM tape recordings, demultiplexing
of the separate channels for microphone, EGG, flow and pressure recordings, calibra-
tion of the flow and pressure recordings, processing of the EGG data, inverse filtering
of the flow and microphone data, parameter extraction from the inverse filtered wave-
forms, and the extraction of spectral parameters. To get an idea of the robustness of
the signal processing, we repeated all steps from calibration onwards.
Part of the signal processing contained a subjective element. In particular, the ex-
perimenter visually inspected the results of inverse filtering, and made judgements
regarding acceptability of the filtering. Where necessary, the filter settings were
changed and the speech was re-filtered. As this could have an effect on the para-
meters extracted, a second researcher re-processed a selection of the data amounting
to approximately 25% of the usable mask signals. These signals were re-processed
from the stage of demultiplexing. Her choice of inverse filter settings and selection of
acceptable waveforms was compared to our choice.
5.2.8 Re-analysing the data
As the initial statistical analysis had not yielded the expected correlations, a more
formal statistical test was carried out. Once the data was separated for sex, a repeated
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measures ANOVA was used to look for differences caused by the presence of the mask,
the presence of the endoscope, and possible interaction effects for voicing conditions.
5.3 Analysis and Results
After listening to the recorded data, it was decided that the voicing condition high
was often produced as falsetto. This was not considered usable for this research, and
that condition was excluded from further analysis.
5.3.1 t-tests and correlation tests
The initial statistical analysis consisted of Pearson Product Moment correlation tests
and t-tests for comparison of microphone and flow data. Significance level was set at
p < 0.05. These results are shown in Table 5.3.
Table 5.3: Results from the initial statistical analysis, using t-tests and Pearson
Product Moment correlation tests.
parameter p R
H1-H2 0.01 0.56
spectral slope 0.00001 0.52
SQ 0.1 0.20
OQ 0.44 0.54
The results show not only a lack of correlation between conditions with and
without the flow-mask, but sometimes a significant difference as in the case of spectral
slope and H1-H2.
Figure 2 shows boxplots for these parameters in conditions with and without flow
mask, which give an indication of the differences in the spread of the values.
5.3.2 Data processing
The calibration sessions were re-processed to assess whether the manual marking of
the numbers spoken during the session had been correct, and that no subjects had
been eliminated or added to the group for further processing due to errors in marking.
One subject was added to the group as a result of this check.
The success of the inverse filtering had to be monitored, and where appropriate,
the default settings were changed, and the signal was re-filtered to get a better result.
One difficulty lay in deciding when to stop manipulating the settings. At all times,
the experimenter tried to keep the number of poles and the window length at realistic
values. The second inspection did not alter the selection of subjects that got through
to the following stage of parameter calculation.
A change was made in the approach to the calculation of the spectral parameters.
The extent to which the face of the subject fills the mask may affect the frequency
response of the signal obtained. Different research makes different claims, with flat
responses obtained for up to 1.6 kHz. In choosing an initial cutoff of 1.5 kHz for the
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low pass filter for the flow signal, we may have been working with a distorted signal
for at least some subjects. Therefore we changed the processing so that no frequency
components above 1 kHz were included.
After the complete checking of the data processing, the t-tests and correlation tests
did not yield different results. Despite the apparent robustness of the methodology,
it was still possible that there was error introduced by the subjective element of the
processing.
5.3.3 Subjectivity of the experimenter
It appeared that inverse filter settings were chosen similarly in the majority of cases
(so that the inverse filtered waveforms and extracted parameters were the same). In
the cases where her choices did differ from ours, the resulting waveforms did not differ
to such an extent that the extracted parameters showed a considerable difference.
5.3.4 Analysis of variance tests
Having checked the processing procedures and the subjective elements introduced by
the experimenter, this approach still could not give the results that we were looking
for. The problems of within-speaker variation, psychological effect of the experimental
situation, and acoustic distortion from the mask could not be tested within this setup.
We decided to apply a more formal statistical analysis. A one way analysis of
variance was carried out on the data, using the statistical package R. The group
was separated for sex, and the male and female group were analysed separately. The
results for main effects are shown in Table 5.4. A significance level was set at p ≤ 0.05.
Table 5.4: Results of the analysis of variance for the factor mask for the male
group (top) and the female group (bottom).
parameter F (df = 1) p
H1-H2 3.8 0.05
spectral slope 7.38 0.008
SQ 6.7 0.01
OQ 9.39 0.003
parameter F (df = 1) p
H1-H2 26.58 3.8× 10−7
spectral slope 0.03 0.86
SQ 0.95 0.33
OQ 24.92 8.6× 10−7
For the male group, the mask was a main effect for all parameters. For the female
group, the mask was a main effect for the parameters H1-H2 and OQ.
Figure 5.2 shows boxplots for the parameters for which mask was a main effect.
For H1-H2, both groups had lower values, but the spread did not seem different. For
SQ, the male group showed higher values and slightly less spread. For OQ, both male
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Figure 5.2: Boxplots for the various parameters H1-H2, SQ, OQ, and spectral
slope. The white boxes show the female data and the gray boxes show the male
data.
and female recordings had higher values, with slightly less spread in the male group
For the spectral slope, the male group showed less spread and generally lower values.
5.4 Discussion
The assumed relationship between flow and microphone recordings is a simple one and
we had expected the comparisons to produce clear results. Our point of departure is
that the assumption is correct, and that the chosen methodology has obscured the
correlations that we tried to find.
In considering of the complex nature of this data, it is possible to pinpoint a
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number of areas where obfuscation occurred, namely the data processing, the sub-
jective element in certain processing steps, the normal within-subject variation that
can occur, the psychological effect of a mask on inexperienced subjects, the acoustic
distortion produced by the mask itself, and the simplicity of the statistical approach.
5.4.1 Data processing
After the reprocessing, it appeared that the procedure was quite robust. It should
also be noted that this semi-automatic procedure was very time-consuming, primarily
due to the checking, altering of settings and re-filtering involved in the inverse filtering
procedure. It is not possible to work with one ideal filter setting for an entire group
of subjects. Further investigations may benefit from forming categories of subjects,
for example, sex, age-range, voicing condition, which may limit the amount of setting
manipulation per subject.
5.4.2 Subjective element introduced by experimenter
The subjectivity involved in making decisions about acceptable inverse filtering versus
actual effects of voicing is very large. Furthermore, it is difficult to achieve consist-
ency over such an enormous dataset. For the inverse filtering, almost 950 waveform
files were visually inspected. The results of a comparison of judgement with an-
other researcher resulted in similar acceptance/rejection criteria, although she was
less tolerant of irregularities in the waveform. There was disagreement over one of
the subjects, but even if this subject was left out of the dataset, the results did not
change. This supports the conclusion that the processing of the data was probably
not responsible for inability to find the correlation that we were looking for.
5.4.3 Normal within-subject variation, and the psychological effect of
the mask on some speakers
Unfortunately, only one full recording of each voicing condition per experimental
condition per subject was made. We therefore could not carry out an estimation
of within-subject variability. Multiple recordings would not have been practical in
the experimental setup, given the difficulties that some subjects experienced in pro-
ducing the recordings in the first place. The subjects who were more familiar with
experimental situations could have provided these estimates, but may not have been
representative of the group.
If Holmberg’s (1993) finding that within-speaker variation is large in normal speech
can be generalised to our data, then that may constitute a problem with the exper-
imental design. We believe that a great deal of the speakers in our group would
have produced more stressed voicing if subjected to multiple recordings, and that
would have defeated the purpose. It would therefore never be possible to test our
assumption.
Even with the limited recordings that were made, it was sometimes apparent to
the experimenter that the subject was uncomfortable with the procedure, despite the
voluntary nature of the experiment. This may mean that some speakers used a more
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tense setting of the vocal apparatus in situations with the mask or the endoscope, or
even in all situations because of the unfamiliar clinical setting. The flow mask may
therefore not be an appropriate instrument for collecting flow data from much of the
normal population.
5.4.4 Acoustic distortion caused by the mask
The acoustic consequences of using a face mask have been extensively researched.
Rothenberg (1973, 1977), Badin et al. (1990), and Herteg˚ard & Gauffin (1992) have
all reported different limitations of the flow mask. Among these are the effective
lengthening of the vocal tract, causing a lowering of the formants, a frequency response
that differs according to the extent to which the speaker’s face fills the mask, and the
loss of high frequency information in general. The first of these, a lowering of the
first two formants, will occur to a different extent for different speakers, depending
on the extent to which the face fills the mask. We did not use a smaller mask for
female speakers. The loss of high frequency information is noted by Rothenberg (1977)
as affecting the speakers perception of their voice during production, thus affecting
naturalness. Furthermore, he states that there is an audible effect of the mask on the
voice.
While these limitations are not severe enough to produce unusable data for other
research questions, it could be that they play a large part in influencing voice such
that a flow-microphone comparison cannot be made within this experimental design.
In order to investigate these effects, it would be necessary to record an experienced
‘experimental voice’ repeatedly, in controlled voicing conditions. In this way, normal
within-subject variation and the effects of voicing strategy and psychological stress
could be ruled out. We are currently considering such a design.
5.4.5 Statistical Approach
The approach taken to the statistical analysis was initially very simple. The effect
that we sought would be so obvious that simple t-tests and correlation tests should
be enough to reveal the correlation between parameters extracted from microphone
and flow recordings. After adapting the approach to the analysis, using analysis of
variance techniques, the differences found, and the lack of correlation seen from the
initial tests were confirmed.
Box plots of the affected parameters illustrate that, for some parameters, the effect
is quite systematic. The higher H1-H2 values and lower OQ values may indicate a
more efficient voice production (Holmberg et al. 1988, 1995). The higher values of SQ
and the flatter spectral slope for the male group may also indicate increased tension
in the vocal apparatus (Nı´ Chasaide & Gobl 1995).
5.5 Conclusion
In this paper, we looked for a clear correlation between voice source parameters ex-
tracted from microphone recordings and from flow mask recordings. We did not find
it.
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It seems that, although the processing procedure is robust, the experimental design
is inadequate for finding this correlation. Some improvements could be made, such as
recording an experienced ‘experimental voice’ repeatedly, in controlled voicing condi-
tions in order to rule out within-subject variation and the effects of voicing strategy
and psychological stress.
Even with such a design, it may be hard to find the correlation which, according
to theory, should be there.
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6 Study IV
The effect of the flow mask on phonation
6.1 Abstract
For this study, recordings of microphone and oral flow, as well as EGG recordings,
were made for a single subject, in three different voice qualities, namely breathy,
creaky and modal voice, in two different orders of production, namely consecutive
and separate recordings.
The microphone and flow recordings were inverse filtered and were compared, in
order to examine the possible effects of the flow mask and the order of production.
Three parameters, speed quotient (SQ), open quotient (OQ), and the amplitude dif-
ference between the first and second harmonics (H1-H2) were used to characterise the
inverse filtered signals.
For this subject, no consistent effect of order of production could be found. There
were strong interactions between the factors production order and flow mask, but
these were not systematic, and could not be explained. The presence of the flow
mask used for the recording of oral flow had an effect on the parameters which were
examined. This effect is interpreted as indicative of a more tense or more efficient
voice quality in the presence of the mask.
6.2 Introduction
6.2.1 Preamble
This research is part of a larger project concerned with voice strain. As part of previ-
ous work on this project, recordings of microphone speech and oral flow were made,
each of which was accompanied by oral pressure and EGG recordings. Both the mi-
crophone and flow recordings were used for inverse filtering and similar parameters
were extracted from both for use in characterising the source features of the research
subjects. Theoretically, the parameters extracted from flow and microphone record-
ings should represent the same information. However, a comparison of the parameters
from inverse filtering of flow and microphone recordings of the subjects did not cor-
relate well. Moreover, statistical tests indicated a significant difference between the
flow and microphone recordings. Details of this analysis are found in Chapter 5.
A number of possible reasons were suggested for this, including large within-
subject variation in phonation style, unconscious variation in voicing strategy, the
psychological effect of the mask on the speaker, the intricate nature of the signal
processing procedures and acoustic distortion caused by the mask. It was concluded
that the initial experimental set-up with multiple subjects was inadequate to test
these possibilities, and we suggested that a single subject experiment might be made
with one speaker who would be familiar with this type of experimental setup, and
who would be able to produce speech under controlled voicing conditions. In this
way, it might be possible to look at some extraneous effects. This study looks at the
results of such an experiment.
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6.2.2 Theoretical background
One of the methods used in that project to obtain objective measures for character-
ising phonation is inverse filtering, either of the oral flow or the sound pressure wave.
The former is registered with a flow mask (Rothenberg 1973) and the latter with a
pressure sensitive microphone. The parameters which are commonly extracted from
both sources are similar, except that the DC component of the glottal airflow cannot
be measured from the microphone recordings.
The DC component (DC) has been investigated by numerous researchers, for ex-
ample, Holmberg (1993), Iwarsson (2001), and Herteg˚ard (1994) and has been in-
cluded in measures of breathiness and vocal efficiency (Holmberg 1993, Isshiki 1981,
Herteg˚ard 1994). However, it is not clear what the precise relationship of DC is to
voice quality. Large values of DC, around 85ml/s or more, indicate insufficient glot-
tal closure extending into the membranous part of the vocal folds during maximum
glottal closure. For values below this, Herteg˚ard (1994) found glottal opening in the
cartilaginous part of the vocal folds during maximum closure. In Cranen & Schroeter
(1995), it is suggested that there may be two types of incomplete glottal closure which
each have different implications for the shape of the glottal waveform.
ba
Figure 6.1: Two ways to model glottal leakage: a) a linked leak created by abduc-
tion (↔) and b) a parallel chink in the cartilaginous portion of the glottis. Taken
from Cranen & Schroeter (1995).
When the glottal chink is found in both the membraneous and cartilaginous parts
of the vocal folds (see diagram a in Figure 6.1), a more gradual opening/closing
pattern may be expected, leading to a more sinusoidal waveform. When the glottal
chink is found in only the cartilaginous parts of the vocal folds, the glottal waveform
may show abrupt changes in flow, despite the DC component (see diagram b in
Figure 6.1). If this is so, then the DC component may not be an accurate means of
determining voice efficiency. It is even suggested (Herteg˚ard 1994) that small amounts
of DC, less than 40ml/s, may be due to vertical phasing as a result of a mucosal wave,
in voices where there is complete closure.
It is generally assumed that the speech signal radiated from the mouth can be
approximated by a first order differentiation of the airflow at the mouth (Flanagan
1972). The spectral effect of this transformation from airflow to pressure waveform
can be modelled as a boosting of the spectrum by 6 dB per octave. As a consequence,
the recording of speech with a pressure sensitive microphone at a short distance from
the mouth should capture essentially the same information as the volume velocity
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waveform at the lips, with the exception of DC flow. As long as the relationship
between DC and the glottal waveform remains unclear and even contradictory, it may
be preferable to focus on the parameters which do indicate a consistent relationship.
This would make inverse filtering of the microphone signal a more attractive instru-
ment for voice analysis, being less intrusive and more accessible. This line of reasoning
clearly depends on the validity of the assumption about the relationship between the
flow and microphone recordings.
In previous work (Orr et al. 2003) we looked at whether flow derivative and sound
pressure represented similar information for a Voice Strain subject group. The voice
of each subject was recorded, producing five voicing conditions of varying intensity
and fundamental frequency. Each voicing condition was recorded twice: the first time
using a microphone and the second time using a flow mask. The recordings were made
in a loosely controlled situation, where the subject was asked to phonate as naturally
as possible. The recordings were inverse filtered, and parameters were extracted to
describe the source characteristics of each voicing condition for each subject. It was
expected that the characterisations for each voicing condition would be comparable for
both flow and microphone recordings. Since the subjects produced the two recordings
within a relatively short period of time of about five minutes, large between-session
variation was not expected.
However, the results of a microphone/flow comparison were not what was expec-
ted. When the data for each subject were analysed, the parameter values did not
show a correlation between flow and microphone recordings. Moreover, analyses of
variance (ANOVA) indicated that there was a difference between flow and microphone
results. A number of possible reasons were suggested for this. Normal within-subject
variation may be large enough (Holmberg 1993) that direct comparisons of separate
utterances for the same speaker are impossible to make in a loosely controlled experi-
mental setup. Subjects were sometimes perceived to be uncomfortable with the mask,
and this may have introduced physical tension in the voicing apparatus in general,
resulting in different parameter values for flow and microphone data. The acoustic
distortion produced by the mask may also have an effect on the data: Auditory feed-
back for the subject wearing the mask is muﬄed, and this could also lead to some
change in voicing strategy in phonation production in the presence of the mask.
Figure 6.2 shows results of the analysis of the Voice Strain group. For the mask
condition, OQ values were lower and H1-H2 and SQ values were higher.
Although we recognise that it is very difficult to make direct comparisons on differ-
ent utterances, we did not expect such large differences between flow and microphone
data. We decided it was worthwhile to investigate these differences in more detail.
A thorough understanding of the comparability of flow and microphone signals was
judged not only important for the interpretation of our own data but also relevant
to other researchers, as research on the voice source in the speech community comes
from both flow and microphone data, and both are used to characterise voice quality,
for the normal population, for dysphonic voices, and for voice source modelling.
We concluded from our previous work that improvements could be made on the ex-
perimental design. Therefore, we defined an additional experiment that, following the
conclusions from this earlier work, gave us maximal control over possible confounding
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Figure 6.2: Boxplots reproduced from data from (Orr et al. 2003), showing the
data from the Voice Strain group. The groups were separated for sex. White boxes
show the values for the female group (Nmask = 212, Nno mask = 238). Gray boxes
show the values for the male group (Nmask = 54, Nno mask = 47). See Chapter 2
for a complete breakdown of the groups. The first plot shows mask/no-mask
comparisons for females and males, for the open quotient OQ. The second plot
shows the same comparisons for H1-H2, and the third for the speed quotient SQ.
factors. The experimental design was altered so that there was only one subject. The
subject was familiar with the experimental setup. The speaker was recorded pro-
ducing ten repetitions of the three voice qualities, breathy, modal and creaky voice.
This series was recorded twice with a pressure sensitive microphone, and twice with
a Rothenberg mask. Two sequence orders of production were recorded, such that
consecutive and separate renderings of each voice quality were produced for both mi-
crophone and mask conditions. All recordings were made in the same session. A voice
therapist was present to monitor the voice production so that the intended qualities
were actually produced. In this way, we hoped that data could be produced under
very controlled circumstances, in slightly different orders, so that effects of within-
speaker variation could be examined. The aforementioned voice qualities were chosen
as there is sufficient published data to indicate the type of general glottal parameter
values that could be expected (see, for example, Nı´ Chasaide & Gobl 1995, Fritzell
et al. 1986, Henton & Bladon. 1985). The use of one experienced subject was intended
to facilitate controlled consistent voice production.
In this paper, we present the data that was collected from this changed setup. In
section 6.3, we describe the details of how the data collection took place in this single
subject experiment and how we obtained the voice source parameters.
Next in section 6.4, we describe a number of different analyses. First in sec-
tion 6.4.1, the data is inspected visually, and initial comments are made. Then the
results of multivariate analysis of variance (MANOVA) are presented in section 6.4.2.
The further analyses of variance (ANOVA), and the choices made regarding these
analyses are presented in section 6.4.3.
In section 6.5, the results of the analyses in section 6.4 are discussed. A number
of remarkable outliers appeared in the data, and these are treated in detail in sec-
tion 6.5.1. Following this, the effect of production order order on the production of
the different voice qualities is discussed in section 6.5.2. In section 6.5.3, the data
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for the mask and the flow are compared, to see how comparable these experimental
methods are. Finally, the implications of these findings are discussed with respect to
the Voice Strain project and voice research in general.
6.3 Materials and methods
6.3.1 Subject
The subject was one of the authors, being a female phonetician with experience in
producing experimental speech, and who was familiar with the aims of the experiment.
We chose to use a single subject for this analysis for three reasons.
Firstly, laryngeal settings for normal voice production can differ considerably from
subject to subject. For one speaker, the normal phonation setting may involve a
degree of glottal leakage. For another, it may involve little or no leakage, and even
some hyperfunctionality in the laryngeal muscles. Furthermore, the presence of a
flow mask may have different effects on different speakers. One speaker may be
more affected by the experimental situation than another. One speaker may be more
distracted by the effects on auditory feedback than another. Distinctive individual
differences within a subject group may make the comparison and interpretation of
mean scores spurious for this particular investigation.
Secondly, a speaker with experience and understanding of the production of dif-
ferent voice qualities was required. In order to get an impression of whether the
inverse filtering produced realistic parameter values for both flow and microphone
utterances, the subject would be required to produce three different voice qualities
for which relative values are already established by other researchers. If the relative
values produced for the different voice qualities concur with those of other research,
this would help to confirm that the signal processing procedure was robust.
Thirdly, it was necessary to control phonation in the experimental conditions, in
order to limit within-speaker variability as much as possible. The production of voice
tokens which are as similar as possible requires a degree of insight and control which
a randomly chosen subject may not have. We therefore wanted a speaker who was
properly trained in the area of voice production.
The obvious weakness of the use of a single subject is that the results cannot be
generalised to the population as a whole. Nevertheless, if a single trained speaker
does not produce comparable voicing behaviour for mask and no-mask conditions,
then we would reason that an untrained speaker is even less likely to do so. This
would help to explain the unexpected results of the comparison made with the Voice
Strain group.
6.3.2 Phonation task
The subject was required to produce two series of four repetitions of the syllable
/pæ/, at a rate of about 1.5 syllables per second, using modal voice, and also using
assumed breathy and creaky voice. The two series of repetitions produced two different
sequences of recordings. First, each voice quality was repeated ten times, that is, ten
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times breathy, ten timesmodal, ten times creaky. Subsequently, all three voice qualities
were repeated ten times, that is, the sequence {breathy, modal and creaky}, ten times.
This was first recorded with a pressure sensitive microphone. Then the two series
were repeated and recorded with a Rothenberg mask.
We refer to the first set of utterances as the consecutive utterances, and the second
as the separate set of utterances. Whether the utterances were produced separately
or consecutively will be referred to as the production order.
The choice of two production orders was motivated by the notion that within sub-
ject variations in laryngeal settings can be substantial. We were interested in seeing
if there would be a difference between the production orders, despite the recordings’
being made in one session, and the intention of the speaker to produce consistent
voice quality. We expected that if mask/no-mask comparisons for both the separate
and consecutive utterances would reveal a mask-effect, it would be more marked for
the consecutive utterances.
6.3.3 Measurements
The two sets of repetitions were each recorded first with a microphone at a distance
of approximately 10 cm from the mouth, and then with a flow mask. In each case,
a simultaneous EGG recording was made (see Table 6.1). A voice therapist was
present during all recordings to ensure that the required voice qualities were actually
produced. Sound Pressure Level (SPL) was not explicitly measured, but the perceived
loudness was monitored by the voice therapist. Fundamental frequency was kept fairly
constant at around 173 Hz, using a tuning fork for reference at the beginning of each
sequence of utterances.
Table 6.1: Data recorded for this experiment.
Condition Mic Flow EGG
no-mask • •
mask • •
The microphone recordings were made using a Bruel and Kjaer microphone (4133)
and a Bruel and Kjaer amplifier (2619). The microphone was an omnidirectional
condenser microphone mounted perpendicular to the breath stream.
The oral flow was measured with a circumferentially vented pneumotachograph
mask (Glottal Enterprises) with a heated double screen wire mesh, in combination
with a Glottal Enterprises amplifier (MS-100A2). Directly before and after the flow
recordings, the flow sensors were calibrated in order to get absolute flow measures
and to ensure the consistency of the measurements.
The EGG signals were recorded with a laryngograph (Laryngograph Ltd.).
The signals were recorded simultaneously on an analogue 14-channel FM-recorder
(TEAC XR510). The recordings were made at a tape speed of 19.05 cm/s allowing
for a flat frequency response up to 5 kHz. For optimal use of the available dynamic
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range, the microphone signals were recorded on three different channels with low,
medium and high input gains. In this way, it was ensured that at least one version of
each signal would have an acceptable signal to noise ratio without having to adjust
the microphone amplifier. The EGG and flow signals were similarly recorded, each
at two different levels, on two different channels.
6.3.4 Signal processing
All signals were synchronously digitised at a 10 kHz sampling rate per signal.
It was necessary to shift the EGG signal by a number of samples in order to
compensate for the delay between the larynx and the pressure transducer in the flow
mask and the microphone. The necessary shift was estimated at approximately 6
samples. To remove possible high frequency noise, the EGG signal was then low pass
filtered with a linear phase filter without introducing any further time shift in the
filtered signal. The voiced sections of the time-derivative of the filtered EGG signal
were used to determine the time of closure for each period, using a peak-picking
algorithm which detected maxima and minima.
The microphone signal, which prior to digitisation had already been filtered by
means of an analogue high-pass filter (cut-off frequency 22.4Hz) in the B&K amplifier,
was treated a second time with a digital high-pass filter to eliminate any remaining
low frequency distortions, using a linear phase filter and with a cut-off frequency of
approximately 20Hz and a flat frequency response above 70Hz. It was then phase-
corrected to compensate for phase distortion introduced by the analogue high-pass
filter of the microphone amplifier. This signal was automatically inverse filtered by
means of pitch synchronous inverse filtering using covariance LPC on the closed glottis
interval. The start of the closed glottis interval was determined from the peak in the
EGG derivative. It was then low-pass filtered at 1500Hz, again using a linear phase
filter.
The calibrated flow signal was inverse filtered in the same way as the microphone
signal. It was also low-pass filtered with a linear phase filter with a cut-off frequency
of 1500Hz.
6.3.5 Characterisation of the acoustic voice source
In order to compare results from the most reliably inverse filtered speech samples, only
the stable stationary parts of the vowel were analysed. The time-related parameters
open quotient, (OQ), and speed quotient (SQ), were extracted from each glottal cycle
of vowel segments over the entire utterance. For each glottal cycle that was included
in the selection, the parameters were calculated, and a modal value was determined
for each utterance.
The spectral parameter H1-H2 was only calculated from sections at the beginning
of the final vowel. We decided not to include the dying out part of the last vowel,
where vocal effort would be reduced such that the laryngeal musculature would relax
and produce a less efficient voice. This approach was tested on data from earlier
work (Orr et al. 2003), and the spread of values per glottal cycle was found to be
smaller, giving more representative values for the utterance.
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6.3.5.1 Time-related parameters, OQ and SQ
The inverse filtered signal was used to calculate SQ and OQ. A practical approach
was taken to the problem of defining the opening and closing moments.
Looking ahead in time, closure is defined as the moment where the glottal flow
derivative exceeds for the first time 50% of its minimum. For the moment of opening, a
similar criterion is used, based on where the derivative reaches its maximum. Starting
at the maximum, and looking backward in time, the moment of glottal opening is
defined as the moment where the glottal flow derivative for the first time drops below
50% of its maximum. Figure 6.3 illustrates the selection of moments used to derive the
time-related parameters SQ and OQ. Denoting two successive closing moments with
Ci and Ci+1, the opening moment in between with Oi, and the moment of maximum
flow as Pi, then OQ = (Ci+1 −Oi)/(Ci+1 − Ci), SQ = (Pi −Oi)/(Ci+1 − Pi).
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Figure 6.3: Moments on the glottal flow waveform (upper window) and flow de-
rivative (lower window) from which the time-related parameters OQ and SQ were
derived.
6.3.5.2 Spectral parameter, H1-H2
For calculation of the spectral parameter H1-H2, the stable parts of the /æ/ were
selected and divided into equal length sections of 1024 samples. The first harmonic
peaks in the spectrum were detected, and their frequencies and amplitudes were
recorded. H1-H2 represents the difference in amplitude (measured in dB) between
the fundamental frequency and the component with double that frequency.
6.4 Analysis and results
Of the initial recordings, a small number were not suitable for the signal processing
procedures. It was not always possible to find settings where automatic inverse filter-
ing produced acceptable results for further parameter extraction. A perfect dataset
should have provided forty values per voice quality for each of the three parameters
examined in this study. In the actual dataset, there were maximally four missing
values for any one parameter for each voice quality.
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6.4.1 Visual inspection of the data
6.4.1.1 Production order
The data was first inspected visually for a difference in variation between production
orders (see Figure 6.4). It was evident that there is a difference in the SQ values for
breathy voice. The separate utterances (filled circles) have mostly lower values than
the consecutive utterances (open circles).
The SQ values for creaky voice appear less spread for separate order than for
consecutive order. The OQ values for breathy voice appear to be a bit higher for
separate than for consecutive order. H1-H2 values appear to be less spread for the
consecutive utterances than for the separate utterances. For the other voice qualities,
it is difficult to make observations about systematic effects of production order from
these scatterplots.
6.4.1.2 Mask versus no-mask condition
We then inspected the data for a difference between themask and no-mask conditions.
Figure 6.5 shows a comparison of mask (filled circles) and no-mask values (open
circles) for pairs of parameters. It seems clear that there is a difference between these
conditions for all voice qualities and all parameters, except for the H1-H2/SQ plots
for breathy and creaky voice.
SQ mask values seem higher for modal and creaky voice quality. H1-H2 values
seem lower for modal voice. OQ mask values appear lower for creaky and breathy
voice, but there seems to be little difference for modal voice.
6.4.1.3 Outliers
There are three notable OQ outliers for modal voice in the no-mask condition for
modal voice. Also for the no-mask condition, there are seven OQ values for creaky
voice which could be seen as outliers, but as large variability is characteristic for
creaky behaviour (see, for example, Nı´ Chasaide & Gobl 1995), they might also be
treated as part of the group. This is further discussed in the choices made in the
ANOVA calculations further on in this section and in section 6.5.
6.4.2 MANOVA tests
In order to test these observations, we decided to carry out a more formal analysis
of variance. We began with MANOVAs with three factors, voice quality, mask and
production order, and three dependent variables (DVs), OQ, SQ and H1-H2. There
was a main effect (p ≤ 0.001) for each of the factors, and strong interactions (p ≤
0.001). Because we expected the voice qualities to produce different types of values
for each DV, and these differences are known, we decided to run separate MANOVAs
for each voice quality. We obtained the results shown in Table 6.2 below.
From the MANOVA testing, then, it seems that both mask and the interaction of
mask and production order are important in describing our data. In order to see how
our chosen voice source parameters are affected by the factor mask, and its interaction
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Figure 6.4: Scatterplots of the three different voice qualities, modal, breathy and
creaky, showing the consecutive (open circles) and separate (closed circles) pro-
duction orders. The upper row of the figure shows OQ, plotted against the SQ
values. The lower row shows OQ, plotted against H1-H2 values. Note that the
y-axes ranges are different for each plot.
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Figure 6.5: Scatterplots of the three different voice qualities, modal, breathy and
creaky, showing the mask and no mask conditions. The upper row of the figure
shows OQ, plotted against the SQ values. The lower row shows OQ, plotted against
H1-H2 values. Note that the y-axes ranges are different for each plot.
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Table 6.2: Results of the MANOVA testing for effects of the factors mask and
production order.
Breathy Modal Creaky
factor Pillai p Pillai p Pillai p
(df = 3) (df = 3) (df = 3)
mask 0.834 2× 10−11 0.798 3× 10−11 0.746 2× 10−9
order 0.573 2× 10−5 0.252 0.024 0.234 0.038
mask × order 0.225 0.057 0.355 0.003 0.446 0.0003
with production order, we carried out ANOVAs on each of the DVs OQ, SQ and H1-
H2 to see how each voice parameter contributed to the effects that we found in the
MANOVA.
6.4.3 ANOVA tests and diagnostics
As there were some missing data, the dataset was not balanced. A type II ANOVA1
was used to compensate for this.
It was not possible to make a power calculation for the estimation of an appropriate
significance level, as we do not have sufficient normative data to be able to know
what constitutes a perceptually relevant difference in our parameters. However, we
expected that, as the subject concentrated on maintaining a stable voice quality, much
of the variance would be attributable to the experimental conditions. The effect of
the presence of the mask should be clear. We chose to focus on the effect size, partial
eta squared, η2p, which is defined as
η2p =
SSeffect
SSeffect + SSerror
, (6.1)
where SS is the Sum of Squares.
If there was a large effect, η2p > 0.15 (Cohen 1988), we would consider that it was
attributable to the presence of the flowmask.
However, it was already clear that there was some considerable interaction between
mask and production order. We theorised that it is, anyhow, difficult to produce
stable voice quality, and that with separately produced utterances, there might be
less homogeneity in the voice quality, despite the controlled nature of the recording
conditions. Therefore, we took a pragmatic approach, and chose to consider medium
effect size, in conjunction with p ≤ 0.01 as indicating a real effect of the flowmask.
After running the ANOVAs, we looked at residual plots and Cook’s distance plots,
to examine the outliers which could be observed from the scatterplots above. If the
diagnostic plot for a combination of factor and DV indicated an influential case, we
removed the observation, and re-ran the ANOVAs to see how the results were affected.
1In the description of the Anova function in the statistical software, R, type-II tests are calculated
according to the principle of marginality, testing each term after all others, except ignoring the term’s
higher-order relatives (Fox 1997). This method is explained in more detail in Rietveld & van Hout
(1993, pp128–133).
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If there was a substantial change in the effect size or the p-value, we present the results
without the outlier. If there was no notable change in the results, we left the outlier
in the dataset, as it is part of the real set of observations.
As an example of this procedure, Figure 6.4.3 shows the Cook’s distance plot for
H1-H2 for breathy voice. We can see that one of the observations, number 26, is likely
to have an influence on the outcome of the results. The analysis of variance test was
therefore run both with and without this observations. As might be expected, the
outlier had an effect for production order and the interaction of production order and
mask. There was, however, no effect on the mask factor. In Table 6.3 showing the
mask results, we present the results including all observations. In Tables 6.4 and 6.5
showing the production order and the interaction results, we exclude the outlier.
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Figure 6.6: Cook’s Distance plot for H1-H2, for breathy voice. The numbers indic-
ated for the outliers, 26, 34 and 28, refer only to the identification numbers in the
data matrix from which they were taken.
In two instances, there were more than one notable outlier. The case of OQ for
the modal voice quality has three notable outliers. From the scatterplots above, we
might expect all three outliers to have an effect on the ANOVA results. This is indeed
the case. The effect of the mask, including all 20 observations, was small, η2p = 0.04,
p = 0.227 (see Table 6.3 below). If all three values are removed from the calculation,
we see a large effect for mask, η2p = 0.16, p = 0.018.
OQ for the creaky voice quality has seven notable outliers and as such, one could
almost speak of a bimodal distribution. Simply removing the observations was deemed
an unsatisfactory solution as it constitutes 17.5% of all the creaky observations, and
35% of the creaky observations in the mask condition.
For both of these instances, possible explanations for the outliers and the rationale
for their inclusion in the analysis is postponed until the discussion of the results. We
present here the results including all observations, and the matter is further discussed
in section 6.5.
In this study, the presence of an influential case is not considered a reason to
remove the data from our set. Where results are presented with outliers removed,
the reader should be aware that the results with the outliers were not considered
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significant. In all cases where results are significant with the inclusion of outliers,
these results were also significant without the outliers. By significant, we mean that
we considered the effect size large enough, by the criteria above, to be confident that
the mask had an effect on phonation. We therefore present the results shown below
in Tables 6.3, 6.4, and 6.5.
6.5 Discussion
The first observation to be made on this set of data is that, for the most part, the
relative parameter values concur with other research. Breathy voice, in relation to
modal voice, has larger OQ, smaller SQ, and larger H1-H2 values. Creaky voice,
in relation to modal voice, shows a greater range of values, and has larger SQ and
smaller H1-H2 values. The modal and creaky open quotients were centred around
similar values but were more spread for creaky voice.
Interestingly, the modal values generally seem to be close to what has been ob-
served for pressed voice, and we therefore asked the voice therapist who was present
at the recordings for his opinion on the modal voice quality. His assessment was that
the modal voice quality of the subject tended towards tense voice quality, but was
representative for this speaker.
The parameter values yielded by the signal processing are therefore largely in
line with our expectations. It is reasonable to expect that if the known differences
between voice qualities are properly represented, then the unknown effect of mask or
of production order will also be properly represented.
6.5.1 Treatment of the outliers
As described in section 6.4.3, all the data was examined for outliers as part of the
routine diagnostics. Influential cases are indicated so that the reader is aware of their
presence. Each influential case was thoroughly checked for visible or audible anomalies
in the recordings, the signal processing, and the parameter extraction procedures. No
reason was found to discard the observations from the dataset.
From Figures 6.4 and 6.5, it is clear that there are two voice qualities for the
parameter OQ which warrant close attention, namely modal and creaky. The outliers,
in both cases, are situated in the area where this speaker produces breathy voice, and
are, as such, out of line with other findings and our own expectations.
6.5.1.1 Modal OQ
The modal OQ outliers were part of the consecutive recordings without the flowmask.
There was no reason to expect these values before the experiment was carried out. In
order to see whether they were introduced by measurement artefacts, we re-examined
the initial recordings, comparing them to other modal recordings where the OQ values
fell within the main group.
We compared the inverse filtered signals of outliers and of the main group, and it
seemed that the source signals for the outliers did appear in parts to have a larger
open quotient than the main group. Listening to the unfiltered signals, the outlier
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Table 6.3: Results of the ANOVA testing for effects of the mask factor.
Breathy Modal Creaky
F (df = 1) p η2p F (df = 1) p η
2
p F (df = 1) p η
2
p
H1-H2 0.002 0.963 6× 10−5 43.263 2× 10−7 0.56 1.717 0.199 0.05
SQ 0.063 0.803 0.00 31.431 2× 10−6 0.47 12.365 0.001 0.26
OQ 98.604 3× 10−11 0.76 1.531 0.224 0.04 39.61 3× 10−7 0.52
Table 6.4: Results of the ANOVA testing for effects of the factor production order. Starred p-values (**) indicate removal of 1 outlier
Breathy Modal Creaky
F (df = 1) p η2p F (df = 1) p η
2
p F (df = 1) p η
2
p
H1-H2 7.676 0.009** 0.061 1.185 0.284 0.034 2.851 0.101 0.080
SQ 26.185 1× 10−5 0.45 0.071 0.792 0.002 6.869 0.013 0.160
OQ 5.512 0.025 0.147 0.629 0.433 0.017 6.928 0.013** 0.165
Table 6.5: Results of the ANOVA testing for interactions between mask and production order. Starred p-values (**) indicate
removal of 1 outlier.
Breathy Modal Creaky
F (df = 1) p η2p F (df = 1) p η
2
p F (df = 1) p η
2
p
H1-H2 10.225 0.003** 0.231 2.145 0.152 0.059 9.467 0.004 0.223
SQ 8.479 0.007** 0.226 0.402 0.53 0.011 0.214 0.647 0.006
OQ 2.15 0.152 0.063 8.141 0.007 0.184 15.57 4× 10−4** 0.308
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utterances sound weaker, sometimes with audible breathiness at the end of the utter-
ance. Two of the utterances were the last two in the consecutive series, and could be
the result of fatigue on the part of the subject. The third one was the third in the
series, and the recording shows that the subject needed to pause after this utterance,
and cough before proceeding. However, the voice therapist monitoring the experi-
ment did not signal a change in voice quality during these utterances, and there is no
similarity in audible voice quality between them and breathy utterances with similar
OQ values. It could reasonably be assumed that the voice quality remained modal,
and that the three outlier values are also representative for this speaker.
So, which results should be presented? On the one hand, it is possible that
the speaker, like any normal speaker, shows this much variability for OQ normally.
Therefore, the results with the outliers would be properly representative of our data-
set. However, we were looking for a homogeneous voice quality, and these outliers
did not conform to our idea of homogeneity. Furthermore, they can audibly be dis-
cerned as being weaker than the other modal utterances, and might be attributed
to fatigue. Finally, after having checked that they were not introduced by measure-
ment artefacts, we decided that we would leave the outliers in. For the combination
mask × production order for modal voice, we would be removing 3 out of 20 utter-
ances, which would constitute 15% of the data, and there was no hard evidence for
removing the observations. Inclusion seemed to be a more honest representation of
the results.
6.5.1.2 Creaky OQ
The decision regarding presentation of OQ values for creaky voice quality was more
problematic. The seven outliers were all from utterances recorded without the mask.
Six of them were the last six in the consecutive series of utterances. These six repres-
ented 60% of this subgroup, and all seven represented 35% of the no-mask utterances,
and 17.5% of the creaky utterances overall.
Listening to the all the creaky utterances, the outlier utterances contained more
pronounced creak, particularly, but not exclusively, in the long final /pæ/. This
was reflected in the speech signal as more double pulsing. We examined how the
automatic marking procedures had marked the moments of opening and closing for
the estimation of the OQ values, and noted that the double pulses were sometimes
marked as being two pulses and sometimes as one. This obviously would have an effect
on the OQ values. However, when trying to estimate the impact of the problem, we
found that it was also present in the other creaky utterances from the main group.
We also noted that the opening moment presented a problem to the automatic
marking procedure, having the effect that some pulses were simply not included in
the final estimation of the modal2 value OQ for that utterance. In order to assess
whether this affected the characterisation of the open quotient for the utterance, we
calculated an OQ measure using moments of opening taken from the EGG signal and
moments of closure taken from the waveform itself. The automatic marking procedure
detected moments of opening more consistently in the EGG signal. The OQ values
2By modal, we mean the numerical modal value, not to be confused with the modal voice quality.
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representative of each utterance did not change at all, with the same utterances
producing outlying modal values in the region above 0.675.
Looking more carefully at the distribution of the OQ values per glottal pulse in
each utterance, we find that the values are nearly always very variable, and, for the
outliers, could be described as bimodal, although the mode in the range above 0.675
was always more pronounced than the mode in the range below this value. The
higher values seem to be a result of the extra double pulsing. Where the other creaky
utterances are represented by OQ values below the 0.675 value, the double pulsing
occurred less frequently, and the bimodality was less marked. Variability is in the
nature of creaky voice, as documented by other work (see, for example, Gobl & Nı´
Chasaide 1992, Hammarberg & Gauffin 1995), where efficient and inefficient phonation
alternate in the double pulses. Therefore, it is not surprising that a bimodality occurs
in utterances where there is more double pulsing.
What is surprising is that the seven outliers tend more towards the upper range of
OQ values than toward the lower range, as the single pulses for creaky voice are usually
characterised by low OQ values. This is probably a result of the marking of double
pulses as one pulse, as explained above, producing a high OQ value and no low OQ
value. In any case, it does not seem that our statistical tests can adequately capture
the effect of a flow mask or of different production orders on a voice quality that
is so variable. A single OQ value seems also inadequate for representing utterances
containing a lot of creak.
We note that the bimodality is most marked in the recordings made without the
mask. Six of the seven outliers occur in the consecutive series of recordings, and these
are the last six. It seems that the production of creaky voice with the mask contains,
for this speaker, less creak than without the mask. The production of creak is thought
to involve high adductive and medial tension in the vocal folds but low longitudinal
tension (Laver 1980). In describing the effects of the mask in section 6.5.3 below, we
suggest that the mask may influence the speaker to put more effort into phonation. If
more effort is applied over the vocal apparatus as a whole, then longitudinal tension
might increase such that the threshold for creak is passed, and the voice becomes
more modal or tense rather than creaky, although a voice may still be perceived as
creaky with only a small amount of intermittent creak. The effect of production order
on creaky voice may be that for the consecutive series, once a setting for creak is
found, the speaker progressively refines the setting, producing a more creaky voice as
the series progresses. In the separate recordings, the speaker has less time to adjust
to the assumed voice quality, and the creak may be less marked.
In an attempt to understand the presence of the seven creaky outliers for OQ, we
have, as with the modal outliers, thoroughly checked for visible or audible anomalies
in the recordings, the signal processing, and the parameter extraction procedures. As
a result of this check, no reason is found to remove the outlying observations from
the dataset.
The difficulty of characterising creaky voice does not result in poor data. Rather
it results in the need for more explanation of the results. The danger of post hoc
explanation of outliers is that, as noted by Kruskal (1960) “it is easy after the fact
to bias one’s memory or approach, knowing that the observation seemed wild. In
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complex measurement situations we may often find something a bit out of line for al-
most any observation.” With the considerations above, we mean to show that reasons
for the outliers are probably phonetic in nature, and not the results of measurement
artefacts. As such, we decided that these observations should be left in the dataset
which was analysed by the ANOVA test.
6.5.2 The effects of production order
The MANOVA results in Table 6.2 above indicate that varying the production order
has an effect on the combined DVs for breathy voice. Looking at the ANOVA results,
the effects of production order on each individual DV are not systematic for our data.
The consecutive utterances appeared not to produce more similar values per voice
quality than the separate utterances.
Remarkably, despite the controlled nature of the recordings, the range of values
produced over both sets of production orders is quite large. One might conclude that
any observed differences between voice source parameter values for combinations of
the factors mask and production order represent differences between randomly chosen
settings within that voice quality.
Had the consecutive utterances been systematically more clustered, then the ar-
gument could be made that the consecutive utterances represented only one setting
within the selected voice quality. We might then have averaged the consecutive values,
and carried out an analysis of eleven separate utterances per voice quality. However,
this was not the case in any systematic way.
The results of the ANOVA testing show strong interaction effects between mask
and order for five of the nine combinations of voice quality and DV, as shown in
Table 6.5 and Figure 6.7. It is difficult to find an interpretation of these interactions,
as they are not systematic across either DVs or voice qualities.
The mask×production order interactions for H1-H2, for breathy and creaky voice,
obscure mask/no-mask differences that would have been found if mask and production
order had been treated separately in the ANOVA testing. Similar observations can
be made about OQ for modal voice, and SQ for breathy voice.
However, the non-systematic interactions, along with the large variation of para-
meter values for both production orders, and the lack of a clear difference between
production orders support the notion that we have measured randomly selected set-
tings within three chosen voice qualities. This led us to treat consecutive and separate
utterances as a single group of independent observations. We saw no justification for
separate analyses of the different production orders, and we base our discussion of
the difference between mask and no-mask conditions (see section 6.5.3) on the results
presented in Table 6.3.
Although this data is only representative of one speaker, the conditions and the
type of speaker would suggest that if relatively consistent within-speaker parameter
values could ever be expected, it would be under this type of experimental conditions.
The fact that the consecutive utterances do not produce less spread parameter values
than the separate utterances gives some impression of how difficult it is to produce
very stable voice, even intentionally.
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Variability is one of the qualities which makes the voice sound natural. Irregu-
larity is inherent in the nature of the voicing apparatus, with the vocal folds being
composed of soft tissue and mucosal layers. “Various irregularities in tissue geometry
and mechanical properties cause slightly different forces and motions every time the
glottis opens and closes” (Titze 1993). It is therefore not surprising to find variability
in voice parameters. What is interesting is that it seems to be difficult to consciously
reduce variability. It may be proper to consider normative values for voice qualities
in terms of ranges rather than characteristic means.
6.5.3 The effects of the mask
From the MANOVA results in Table 6.2 above, it is clear that the mask has an effect
on the combined source parameters, OQ, SQ and H1-H2. In looking at the individual
parameters, the flow mask has an effect on some of the voice parameters for all voice
qualities and the types of effect are similar to those found in the data from the Voice
Strain group.
It should be noted that Figure 6.8 is presented here for comparison with Figure 6.2
in section 6.2 which shows the corresponding parameter values of the subjects in the
voice strain group in our first experiment.
Each box contains between seventeen and twenty data points (see section 6.4, so
it is difficult to draw any conclusions about the spread of values, although it appears
that for all cases, except OQ for modal voice, values obtained from the mask data are
less spread than those obtained from the microphone data. Even here, if the outliers
are taken into account, the same observation may be made.
For H1-H2, values calculated from the flow mask data are lower than those ob-
tained from the microphone data, except for breathy voice (note: the difference for
creaky voice was not significant, following our criteria, in the ANOVAs). For SQ
derived from the mask data, values are higher, except for breathy voice. For OQ,
breathy and creaky voice have lower mask values.
The MANOVA test strongly suggests that the mask has an effect on the source
parameters. One wonders why three of the nine cases in the boxplots, namely breathy
H1-H2, breathy SQ, modal OQ, show results that do not conform to the overall result.
If the mask effect is present for some conditions, why would it not be present for
others?
In view of the difficulty of producing homogeneous voice qualities, and the res-
ulting variability of the source parameters, even in the production of ten consecutive
utterances, it is reasonable to suggest that natural and unsuppressable variability got
in the way of the experiment. With such variability, a much larger sample may be
necessary in order to demonstrate consistent differences in all our combinations of
voice quality and source parameter.
In this discussion of the effect of the mask on phonation, we recognise that the
mask effect was not demonstrable in the three circumstances described above, with the
data that we have collected. However, we consider the effect systematically present
for the other six combinations of DV and mask factor. This is supported by the size of
the effects for these combinations. For OQ for breathy voice, η2p was as large as 0.75.
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Figure 6.7: Interaction plots showing the interaction between order and mask for
each parameter and each voice quality.
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Figure 6.8: Boxplots showing the difference between no-mask and mask conditions
for each voice quality. The white boxes represent the no-mask data and the gray
boxes represent the mask data. All outliers are included in this representation of
the data.
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For H1-H2 for modal voice and for OQ for creaky voice, the effect size was above 0.5.
For SQ for modal and creaky voice, the effect size was above 0.25, indicating that over
a quarter of the variance could be described by the mask factor in our model. From
here on, we refer to the implications of these effects, which we consider systematic.
Higher SQ and lower H1-H2 and OQ values could indicate a more efficient phon-
ation. Auditory feedback of the muﬄed speech produced with the mask is a likely
cause of this effect. Muﬄed auditory feedback could also influence the speaker to put
more effort into accurately producing the intended voice quality. The smaller spread
of the mask values may reflect such extra focussing on the phonation task.
Two of the voice qualities, creaky and breathy, were artificially produced, and
the waveform parameters chosen for characterising the source could be viewed as
not robust, because of the difficulty of locating the moment of opening of the vocal
folds. Of the combinations of voice quality and source parameter in our analysis
results (see Table 6.3), the analysis of H1-H2 values for modal voice presents the most
reliable results, being drawn from the most natural voice quality using the most stable
parameter. It is precisely for this combination that we see a very strong effect of the
mask.
It is interesting that the mask seems to have the effect of reducing parameter
variability on a subconscious level, but the speaker was not able to consciously limit
variability when utterances were produced in the consecutive production order (see
section 6.5.2 above).
6.6 Conclusions
This study has looked at two aspects of experimental methodology, namely, the ef-
fect of production order on voice source parameters within controlled experimental
conditions, and the effect of the flow mask on voice source parameters in the same
experimental conditions.
There was no systematic difference between consecutively and separately recorded
utterances. There were strong interactions between the mask and production order
conditions, but these were not systematic, and we could not explain them.
There was a systematic difference between source parameters extracted from flow
and microphone recordings. The flow mask recordings produced lower OQ values
and higher SQ and H1-H2 values. We believe this to be indicative of either a more
tense voice or more efficient voicing strategy caused by muﬄed auditory feedback or
a combination of both.
It could also be that the mask produces a degree of tension in the speaker, de-
pending on their experience and understanding of the experimental condition. In the
Voice Strain group of subjects, we believe that we could hear this to varying extents
in some recordings. The type of differences found in the parameter values here would
support this idea. We suggest, then, that a combination of auditory feedback and
physical tension are responsible for the effect of the mask on voice production.
The effect of the mask, although sometimes accounting for up to 75% of the vari-
ation in measurements, is not sufficient to obscure larger differences between different
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voice qualities, as for example between the voice qualities in this research. As the
listener always hears the speech through the mask, it is not possible to speak of per-
ceptually relevant effects other than the generally muﬄed nature of the mask-speech.
However, researchers making detailed comparisons between flow and microphone re-
cordings of speech may find our observations here useful. More specifically, in work
where voicing efficiency or vocal fold closure is studied, it is useful to know that the
mask may conceal a more inefficient voicing strategy.
In trying to characterise voice quality using parameters extracted from the inverse
filtered wave form, it seems that it is more appropriate to work with ranges than
single points, given the variability in source parameters over utterances demonstrated
in this study. In the case of creaky voice, a description of the distribution of values is
more informative than any single range.
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7 Study V
Using Inverse Filtering to Investigate Perceived Robustness in Student
Teachers’ Voices
7.1 Abstract
In this study, the inverse filtered voice source is investigated to see if aspects of
the flow glottogram can be found which would systematically differentiate between
two groups of speakers. The two groups of speakers were a risk and a control group.
The risk group was thought to have less robust voices than the control group. We
also try to relate earlier findings from videolaryngostroboscopy to the inverse filtered
voice source parameters. The research is part of a project which investigates whether
a set of objective parameters can be established which are indicative of robustness in
student teachers’ voices.
The characteristics of the inverse filtered source signal for the control group were
different from that of the risk group. The risk group had a larger open quotient
(OQ), a larger speed quotient (SQ), a lower H1-H2 value, and a lower value for the
amplitude of the glottal pulse (AC). The implication of these results is that the risk
group produces less efficient voicing, seen in the OQ, AC, H1-H2 values, but uses
greater effort, seen in the higher SQ values.
The glottal closure scores from the stroboscopy experiments did not confirm these
findings. Neither could the parameters from the inverse filtered voice confirm the
finding from earlier research that the change from normal to soft voice involved greater
change in glottal configuration for the risk group.
7.2 Introduction
In the last five to ten years, researchers have invested considerable effort in invest-
igating occupational voice problems (see, for example, Titze et al. 1997, Yiu 2002,
Smith, Lemke, M, Kirchner & Hoffman 1998, Russell et al. 1998). From their work,
it is clear that teachers are over-represented at voice clinics by as much as a factor
of four, and that the number of teachers who seek help at the voice clinics is but a
small percentage of the teachers who actually experience voice problems as a limiting
factor at work.
It is not surprising that people practising vocally demanding professions are high-
risk candidates for voice problems. However, this recent research underlines the grow-
ing need for focus on the occupational voice as a primary tool of trade, requiring proper
maintenance and care.
One of the problems involved in estimating the type and extent of voice problems
in the teaching community is that there are no absolute objective criteria for estab-
lishing whether a voice is normal or dysfunctional (Russell et al. 1998, Sapir et al.
1993). Tools like the Voice Handicap Index (Jacobson et al. 1997) or other subject-
ive evaluation methods, in combination with clinical observation currently constitute
the most pragmatic approach to assessing voice problems. In the case of the teaching
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voice, the problem is often expressed in terms of tiredness, hoarseness, too much effort
required for speaking, asthenia, sore throat and physical discomfort while speaking
(Smith, Kirchner, Taylor, Hoffman & Lemke 1998, Vilkman et al. 1999, Sapir et al.
1993). These symptoms are indicative of fatigue, and in this study, we refer to voice
strain as being present when fatigue becomes a limiting factor in the practise of the
profession. Voice strain for teachers is a problem that can become chronic if not
handled immediately, and there is a direct relationship between the severity of voice
problems and recovery time (see, for example, Russell et al. 1998).
Some teachers carry on teaching in front of the class for their entire careers with
little or no voice strain, other than from the occasional cold. Others suffer chronic
voice problems which have severe consequences for their personal, social and working
life (Sapir et al. 1993, Russell et al. 1998, Yiu 2002). It seems that some voices
are more robust than others, but as pointed out by Vilkman (2000), there is no clear
indication, in terms of voice quality characteristics, of what constitutes a robust voice.
Research by Simberg et al. (2000) indicates that, from a survey of 226 student teachers,
about 20% were already in need of voice therapy. They underline the need for proper
screening for persons entering vocally demanding professions and the urgent need for
more research in the prevention of voice disorders.
Of course, lack of robustness may not be something that can be remedied, but
knowing that it is a possible problem may be useful in avoiding voice strain. If
robustness, or the lack of it, can be established before a student embarks upon a
career as a teacher, then chronic voice problems might be avoided through training
in good vocal hygiene and careful and efficient use of the voice. In previous work
(Orr et al. 2002), we tried to find parameters which might be indicative of robustness,
using standard voice measurement techniques available at voice clinics. This present
study attempts to further contribute to our understanding of what robustness might
be in terms of parameters derived from the inverse filtered glottal flow.
We look at two sets of voices, a risk group and a control group. A full description
of the selection procedure for risk and control groups can be found in Orr et al. (2002).
Essentially, the risk group consisted of students at a teacher training college, who were
assessed by voice therapists, both at the school and at the University Hospital ENT
clinic in Nijmegen, and who were judged as having healthy but possibly non-robust
voices. The control group was made up of a small number of students at the same
teacher training school, supplemented by speakers outside the school, all of whom
were judged as having healthy and fully functional voices. For the breakdown of the
groups, see Table 7.1.
The voices of the groups were recorded, and inverse filtered, and systematic differ-
ences were sought between the risk and control groups. We look at a combination of
parameters derived from the inverse filtered flow which we believe capable of describ-
ing aspects of tension and efficiency in voicing. If systematic differences in parameter
values are found between the risk and control groups, it may be possible to express a
risk element in the voices in terms of tension and efficiency, which we would theorise
as being related to robustness.
We also try to link the glottal flow parameters to the assessment of glottal closure
made by phoniatricians from video-recordings of laryngoscopic examinations. Our
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earlier research shows that the difference in glottal opening configuration, in terms
of degree of closure, for normal and soft voice is larger for the risk group than for
the control group. This was tentatively interpreted as the risk group’s having more
difficulty in efficiently producing soft voice than the control group. If inverse filtering is
sufficiently representative of the voice source, we should be able to see these differences
in the glottal flow parameters.
Recordings of the subjects were also made without the presence of an endoscope.
This was in order to assess whether the endoscope influences voicing in such a way
that it might interfere with the normal voicing strategy, and whether the findings
from earlier research regarding glottal closure need to be interpreted in the light of
an endoscope effect.
The aims of this study are therefore threefold. Firstly, we look for systematic
differences between risk and control groups in the glottal flow parameters which can
be explained in theoretical terms of robustness. Secondly, we try to see if direct
observations using videolaryngostroboscopy (VLS) from previous work, reported in
Chapter 3, are reflected in the glottal flow parameters. Thirdly we check for an
influence on voicing of the endoscope, in order to see if further interpretation of the
endoscopic data is necessary.
7.3 Materials and methods
7.3.1 Subjects
The subjects for this study were divided into a risk and control group. Table 7.1
summarises the number and age ranges of the subjects.
Table 7.1: Table showing the number of subjects and their age ranges in both risk
and control groups for this study.
Female group Male group
factor levels subjects age range subjects age range
control 18 22–32 9 26–44
risk 28 17–26 5 19–24
Control Group The initial control group consisted of 9 subjects, 7 female and
2 male. These subjects were students of teaching who were judged by the voice
therapists at the teaching school as having normal and fully functional voices. The
group was considered too small, and was supplemented by a further 16 subjects,
11 female and 5 male, from outside the school. The additional group was judged
by the voice therapists at the ENT clinic at the University Hospital in Nijmegen as
also having normal and fully functional voices. The final control group, therefore,
consisted of 25 subjects, 7 male and 18 female.
Risk Group The risk group consisted of 37 subjects, 29 female and 8 male. These
subjects were students of teaching, from the same school as the control group students.
When examined by the voice therapists at the teaching school, these subjects were
judged as having some audible characteristic which, while not dysfunctional, was
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nevertheless sufficient to exclude them from the control group. The therapists at the
ENT department later confirmed this judgement.
The judgements of the voice therapists should not be seen as official clinical dia-
gnoses, but rather as subjective judgements, based on the impression that the risk
voices were less robust than the control group.
Both the control and risk groups underwent clinical examination by the phoniatri-
cians, where it was established that there was no vocal fold pathology in any member
of the group.
It was not possible, within the constraints of this study, to match the groups for
age. The female control group age range was 22 to 32 years, and the female risk
group was 17 to 26 years. The age range for the male control group was 26 to 44
years and that of the risk group was 19 to 24 years. Neither was it possible to balance
the groups for sex. There were too few subjects available, as the proportion of female
to male teachers in our groups reflects the imbalance in the sex distribution in the
Dutch teaching population.
A more detailed description of the inclusion criteria and the selection process for
each group can be found in Orr et al. (2002).
7.3.2 Phonation task
Each subject was required to produce a series of at least three repetitions of the
syllable /pæ/, at a rate of about 1.5 syllables per second. Each series was produced
at preferred levels of pitch and intensity to produce five voicing conditions of normal,
soft, loud, low and high voice.
7.3.3 Recording procedure
The microphone recordings were made using a Bruel and Kjaer microphone (4133)
and a Bruel and Kjaer amplifier (2619). The oral flow and pressure were measured
with a circumferentially vented pneumotachograph mask (Glottal Enterprises) with a
heated double screen wire mesh, in combination with a Glottal Enterprises amplifier
(MS-100A2). Directly before and after the flow recordings, both the flow and pressure
sensors were calibrated in order to get absolute pressure and flow measures and to
ensure consistency of measurements.
The EGG signals were recorded with a (Laryngograph Ltd.) laryngograph.
The videostroboscopic images were recorded on a Super-VHS video recorder using
a flexible endoscope (Olympus ENF type P3) and a Kay RLS 9100 Rhino-Laryngeal
Stroboscope.
The signals were recorded simultaneously on a 14-channel FM-recorder (TEAC
XR510). The recordings were made at a tape speed of 19.05 cm/s allowing for a flat
frequency response up to 5 kHz. For optimal use of the available dynamic range,
the microphone signals were recorded on three different channels with low, medium
and high input gains. In this way, it was ensured that at least one version of each
signal would have an acceptable signal to noise ratio without having to adjust the
microphone amplifier. The EGG and flow signals were similarly recorded, each at
two different levels, on two different channels.
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7.3.4 Measurements
The five voicing conditions were recorded with four different experimental set-ups.
The signals that were recorded for each experiment are listed in Table 7.2 below. For
each voicing condition, the recordings were made four times: twice with a flexible
endoscope inserted through the subject’s nose, and twice without. With the flexible
endoscope in place, simultaneous videostroboscopic recordings were made, which were
used for gathering information on glottal behaviour for the five voicing conditions.
Subjects were given a warming-up period before the speech recordings, in order to
familiarise themselves with the speech tasks.
Due to the invasive and sometimes uncomfortable nature of the flexible endoscope,
not all conditions could be obtained for all subjects. The sample size for each condition
ranged from N = 47 to N = 60.
Table 7.2: Data recorded for the four experiments.
Exp. Mic Flow Oral EGG Stroboscopy
Pressure
1 • •
2 • • •
3 • • •
4 • • • •
7.3.5 Signal processing
All signals were synchronously digitised at a 10 kHz sampling rate per signal. A
detailed description of the signal processing can be found in Chapter 6.
Briefly, the EGG signal was shifted by 6 samples in order to compensate for
the delay between the larynx and the pressure transducer in the flow mask and the
microphone. To remove possible high frequency noise, the EGG signal was low pass
filtered with a linear phase filter without introducing any further time shift in the
filtered signal. The voiced sections of the time-derivative of the filtered EGG signal
were used to determine the time of closure for each period, using a peak-picking
algorithm which detected maxima and minima.
During the recordings, an analogue high pass filter was used in order to eliminate
low frequency distortions. The signal was phase-corrected to compensate for phase
distortion introduced by the filtering. The signal was then inverse filtered and low
pass filtered at 1500Hz.
The calibrated flow signal was inverse filtered in the same way as the microphone
signal and also low-pass filtered at 1500Hz.
7.3.6 Characterisation of the acoustic voice source
In order to compare results from the most reliably inverse filtered speech samples,
only the stable stationary parts of the vowel were analysed. The time-related and
amplitude-related parameters (see sections 7.3.6.1 and 7.3.6.3) were extracted from
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each glottal cycle of vowel segments over the entire utterance. For each glottal cycle
that was included in the selection, the parameters were calculated according to Fig-
ure 7.1. A modal value was determined for each utterance by estimating a probability
density function (pdf) from the cycle-to-cycle data, and by choosing an SQ or OQ
value where the pdf was at a maximum. For estimation of the pdf, we used the stand-
ard kernel density estimator of the statistical package R (R Development Core Team
2003).
The spectral parameters (see section 7.3.6.2) were only calculated from sections at
the beginning of the final vowel. We decided not to include the dying out part of the
last vowel, where vocal effort would be reduced such that the laryngeal musculature
would relax and produce a less efficient voice. This approach was tested on data from
earlier work (Orr et al. 2003).
7.3.6.1 Time-related parameters
The inverse filtered signal was used to calculate SQ and OQ. A practical approach
was taken to the problem of defining the opening and closing moments.
Looking ahead in time, closure is defined as the moment where the glottal flow
derivative exceeds for the first time 50% of its minimum. For the moment of opening, a
similar criterion is used, based on where the derivative reaches its maximum. Starting
at the maximum, and looking backward in time, the moment of glottal opening is
defined as the moment where the glottal flow derivative for the first time drops below
50% of its maximum. Figure 7.1 illustrates the selection of moments used to derive the
time-related parameters SQ and OQ. Denoting two successive closing moments with
Ci and Ci+1, the opening moment in between with Oi, and the moment of maximum
flow as Pi, then OQ = (Ci+1 −Oi)/(Ci+1 − Ci), SQ = (Pi −Oi)/(Ci+1 − Pi).
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Figure 7.1: Moments on the glottal flow waveform (upper window) and flow de-
rivative (lower window) from which the time-related parameters OQ and SQ were
derived.
Note on measurement accuracy for time-related parameters The sampling
rate for the recordings was 10 kHz. This raised some concern about inaccuracy of
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measurement for SQ and OQ, as they are both estimated over a limited number of
discrete samples. For a female speaker, with a f0 of the order of 220Hz, a typical
SQ value for a single pulse could be derived from sections of the pulse as short as 25
samples. In order to address this concern, we carried out a check on the SQ data,
using the formula for propagation of error
(
δSQ
SQ
)2
=
(
δx
x
)2
+
(
δy
y
)2
, (7.1)
where x represents the distance from Oi to Pi and y represents the distance from
Pi to Oi+1, in Figure 7.1. The measures δx and δy are estimates of the measure of
uncertainty of x and y respectively.
We chose to test SQ as it is the parameter which is estimated from the least number
of samples, and which would therefore be prone to the largest error. The actual values
of x and y used in equation 7.1 were the mean values of the SQ observations for the
female group, being the group most prone to this type of error, with a mean f0 of
220Hz. The male values for f0, being smaller than the female values, would have
a smaller error. The measures δx and δy are both taken as the sampling interval,
1× 10−4 sec. Solving for δSQ, we find that the size of an effect caused simply by the
choice of sampling rate is of the order of 7%.
This estimate of 7% error in a single SQ data point is based on the average SQ
value for an utterance. Note, however, that the standard error of the mean of SQ over
a group of N observations is a factor of
√
N smaller than the individual observation
of 7%. The method for finding the mode of the distribution of pulse to pulse SQ and
the number of SQ observations in a female group reduces the error by a large factor,
of the order of
√
400, the approximate number of pulses in an utterance. The error
for a single utterance is therefore only about 0.3%.
7.3.6.2 Spectral Parameters
For calculation of the spectral parameters, using a Hamming window, the stable parts
of the /æ/ vowel were selected and divided into equal length sections of 1024 samples.
Peaks in the calculated spectrum that could be assumed to be harmonics, and their
frequencies and amplitudes were recorded. From these measures, the spectral para-
meters H1-H2 and a measure of spectral slope were calculated. H1-H2 represents the
difference in amplitude, measured in dB, between the fundamental frequency and the
component with double that frequency. The spectral slope was estimated by fitting
a regression line through the harmonics lying in the range from 2f0 to 1000Hz, using
independent f0 measurements from the EGG signal. It is expressed in dB per octave.
7.3.6.3 Amplitude-related parameters.
The parameters AC flow (AC), DC flow (DC) and the maximum flow declination rate
(MFDR) can be read directly from Figure 7.1 above. As we do not have a means of
measuring residual flow in microphone recordings, the DC measure was only present
for the flow recordings.
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7.4 Analysis
The data was analysed using multivariate analysis of variance (Pillai-Bartlett trace1).
Previous work in Chapter 6 suggests that data from microphone recordings can
differ significantly from flowmask recordings. Therefore, we decided in the analysis to
separate the microphone and flow recordings. As we believe male and female voices
to be inherently different, we expected effects for sex, and decided to separate the
subjects into male and female groups.
During the recordings, the impression was formed by the experimenters that some
subjects may have experienced the endoscope as a hindrance in phonation, and we
decided to include the endoscope as a factor in our analysis.
The voicing condition was also included as a factor. Although it was not the
purpose of the experiment to explain the effect of each voicing condition, it was
expected that there would be large effects for this factor. It was included so that any
interactions could be detected which might affect the interpretation of the effects of
the other factors. The factors for the separate MANOVAs were therefore endoscope,
risk and voicing condition.
The initial dependent variables (DV) were OQ, SQ, AC, DC, MFDR, Slope. Be-
fore carrying out the multivariate analysis (MANOVA), we checked for covariance
between the DVs. Scatterplots indicated a relatively strong relationship between OQ
and H1-H2, as shown in Figure 7.2. Some correlation was also found between AC
and MFDR. Figure 7.2 shows this correlation for the flow recordings. Microphone
recordings produced similar results.
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Figure 7.2: Scatterplots showing some correlation between the DVs H1-H2 and
OQ across both flow and microphone data, Pearson’s R = −0.71, and between the
DVs AC and MFDR for the flow data, Pearson’s R = −0.71
1We chose this statistic as it has been found to be more robust against violations of homoscedast-
icity and unequal sample sizes (Olson 1976, Lindman 1992) which often characterised our data.
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As OQ and H1-H2 represent different aspects of voicing, we believe that they
should not be treated as redundant. Both are important in voice source analysis and
can highlight different aspects of voice. For example, both whispery and breathy voice
have prominent first harmonics, but the OQ values for whispery voice are smaller than
for breathy voice, as demonstrated by Gobl & Nı´ Chasaide (1992). We decided to
leave both parameters in the parameter set.
Correlation between AC and MFDR is a logical relationship, with both parameters
being strongly related to the peak flow, or amplitude of the glottal waveform (see,
for example, Nı´ Chasaide & Gobl 1995, Fant 1995). MFDR is sensitive to low pass
filtering, which was carried out on the data presented here, and since
MFDR ≈ AC4tclosure , (7.2)
this may indicate that MFDR is more strongly determined by speed of closure than
by AC. The correlation was not strong, but given the effect of filtering on the MFDR
measure, we decided to leave it out of the parameter set.
Considering the number of dependent variables that we had, we anticipated the
problem of family-wise error (FWER), and further decided to leave out the spec-
tral slope measure. It was a fairly rough estimate of the slope (see section 7.3.6.2),
and it was felt that H1-H2 would give more specific and more easily interpretable
information. In this way, we could reduce the FWER.
The set of DVs used in the MANOVA was therefore OQ, SQ, AC, DC, H1-H2.
We note again that the DC measure was only present in the flow recordings.
Of the original recordings, a number were not usable in the analysis. For some
of the subjects, the voicing condition produced was judged by the experimenters as
being unsuitable for inclusion in the dataset. In particular, the condition high was
so often produced as falsetto that it was discarded for all subjects. For some of the
recordings, the calibration sessions showed that the flow signals were unusable. For
some of the signals, it was not possible to find settings which produced acceptable
inverse filtering using our automatic procedures. Table 7.3 summarises the numbers
of subjects and cases which we could use in the analysis.
Table 7.3: Table showing the number of cases in each level of the factors risk and
endoscope (endo) under investigation, broken down by sex.
Female group Male group Total
risk group control group risk group control group
endo no-endo endo no-endo endo no-endo endo no-endo
120 153 83 94 21 22 27 31 551
Although the dataset has aspects which suggest a repeated measures design, we
rejected this option. The risk factor was not present for all subjects. We also rejected
a mixed design analysis, as the dataset was unbalanced due to missing data. We
considered the amount of missing data too large to be imputed. Of the 60 subjects, if
the dataset had been complete, we would have expected Nsubj ×Ncondition ×Nendo ×
Nmask = 60× 4× 2× 2 = 960 cases.
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It can be seen from Table 7.3 that there were many missing cases, and we decided
not to impute such a large amount of missing data. We therefore used Type II sums
of squares ANOVA on the actual dataset available to us.
For the MANOVA and subsequent ANOVA tests, it was not possible to make a
power calculation in order to establish a significance level. There were two reasons
for this. Firstly, a limit was placed on the collection of data for this project, and
so the male groups, especially, remained small (see Table 7.3). Secondly, and more
importantly, there was no way to estimate a reasonable minimal relevant effect. There
is insufficient normative data on the voice source to make such an estimate.
In examining the difference between the risk and control groups, we considered it
worthwhile looking more carefully at MANOVA results where p ≤ 0.05. The reason
for choosing such a liberal threshold was that the subjects under observation had
normal healthy voices, and were judged to have no classifiable irregularities. We
expected it to be difficult to detect differences between the groups. However, because
at least two voice therapists listened to all voices, and because the subjects who were
used in the study were those for whom the therapists were in agreement over their
placement in the risk or control groups, we believed that there was indeed a difference
to be found.
For the effect of the endoscope, we were less confident. There was no external
objective judgement of perceptual effects of the endoscope, although considerable
impressions were formed by the experimenters and analysts during the research. These
impressions concerned the possible presence of stress on the voice in the presence of
the endoscope. Unfortunately, it is possible to imagine that the parameters that we
examine could vary in either direction as a result of stress, psychological or physical,
depending on the subject’s coping strategy. On the other hand, the parameters used
should be sufficient to reveal such differences if they were present. This is of course
subjective, but there is little else on which to base our choices. We finally chose
p ≤ 0.05 as the level at which we would further examine the data.
Further examination of the data involved graphical representation and ANOVA
testing of the individual DVs. For the ANOVAs, we chose to calculate an effect size,
η2p, which is defined as
η2p =
SSeffect
SSeffect + SSerror
(7.3)
where SS is the Sum of Squares.
In deciding when to accept or reject a DV as being influenced by a factor, we
reasoned as follows. The effect size should be considered differently for the male
and female group. We had not modelled the undoubtedly large variation that would
be due to general between-subject differences and would therefore expect a small to
moderate effect, if the effect was there at all. The expectation of a small to moderate
effect was already in place as a result of the criteria according to which subjects were
included in the experiment (see section 7.3.1). As the female group was much larger
than the male group, as illustrated in Table 7.3, we would expect there to be much
more between subject error for the female group than for the male group. The effects
of mask, endoscope or control, we expected to be stable. Therefore, we would expect
the effect size to be smaller for the female group.
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In considering effect size, we followed Cohen’s guidelines (Cohen 1988), and de-
cided to accept a small effect (0.01 < η2p < 0.06) as reflecting factor influence for the
female group, and a moderate effect (0.06 < η2p < 0.15) for the male group.
Interaction effects might be expected between factors. Interactions involving the
voicing condition factor would relate to small cell sizes, as there were four voicing
conditions. Therefore, we chose to accept a large effect (η2p > 0.15) as reflecting
interaction of risk or endoscope factor with voicing conditions. Interactions between
risk and endoscope factor would be considered noteworthy if the effect size were
moderate (0.06 < η2p < 0.15).
In looking at differences between the voicing conditions normal, loud, low and soft,
across the risk and control groups, for comparison with results from our earlier work
(see section 7.2), we calculated the numerical difference in paired parameter values
between normal and each of the other three voicing conditions. This comparison was
made on a smaller dataset than the other comparisons described in this section. The
male group was too small for comparison, with as little as eight observations per
group. For the female groups, we decided that only a large effect (η2p > 0.15) could
be accepted as reflecting a real difference.
7.5 Results
Tables 7.4 and 7.5 show the results of the MANOVA testing.
Table 7.4: Results of the MANOVA testing for effects of the factors endoscope and
risk for the female subject group.
flow microphone
factor Pillai (df = 5) p Pillai (df = 4) p
endoscope 0.069 0.306 0.1 2× 10−4
risk 0.247 1× 10−4 0.736 0.004
Table 7.5: Results of the MANOVA testing for effects of the factors endoscope and
risk for the male subject group.
flow microphone
factor Pillai (df = 5) p Pillai (df = 4) p
endoscope 0.114 0.507 0.092 0.595
risk 0.154 0.315 0.357 0.012
Note that the results of the MANOVA tests carried out on the microphone data
have one less dependent variable, namely DC, which accounts for the different degrees
of freedom for the flow and microphone data in these tables.
The results of the MANOVAs show that the factor risk was important for three
of the four groups, namely flow and microphone data for the female group and mi-
crophone data for the male group. The endoscope only seems to affect one group,
namely the microphone data for the female group.
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Table 7.6: Results of the ANOVA testing for effects of the endoscope factor.
Starred values indicate effect sizes which were considered significant according
to our criteria.
Female Group
Microphone
F (df = 1) p η2p
H1-H2 0.675 0.412 0.003
SQ 5.773 0.017 0.025*
OQ 6.093 0.014 0.026*
AC 0.009 0.923 4× 10−5
Table 7.7: Results of the ANOVA testing for effects of the risk factor. Starred val-
ues indicate effect sizes which were considered significant according to our criteria.
Female Group
flow microphone
F (df = 1) p η2p F (df = 1) p η
2
p
H1-H2 8.317 0.004 0.038* 0.004 0.95 2× 10−5
SQ 6.645 0.011 0.031* 4.576 0.033 0.02*
OQ 19.019 2× 10−5 0.08* 6.925 0.009 0.029*
AC 0.91 0.341 0.004 1.659 0.199 0.007
DC 1.71 0.194 0.016* NA NA NA
Male Group
H1-H2 5.403 0.247 0.107*
SQ 1.495 0.228 0.032
OQ 7.107 0.011 0.136*
AC 0.851 0.361 0.018
DC NA NA NA
The factor voicing condition was included in the model so that interactions be-
tween it and other factors could be detected. The only interaction that came to light
was between risk and voicing condition for the flow recordings for the female group
(Pillai’s trace = 0.287, p = 0.023).
We concluded from this that there was no reason to run further tests on the flow
data for the male group. Tables 7.6, 7.7 and 7.8 show the results of the ANOVAs run
on the other male group and both female groups.
An analysis of variance on the female flow data showed no significant interaction
effects according to the criteria set out in section 7.4.
Therefore, the parameters for which significant effects were found were
- for the endoscope factor for the female microphone recordings, SQ and OQ
- for the risk factor, for the female flow recordings, H1-H2, SQ, OQ and DC
- for the risk factor, for the female microphone recordings, SQ and OQ
- for the risk factor, for the male microphone recordings, H1-H2 and OQ
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Table 7.8: Results of the ANOVA testing for effects of the interaction between
the risk and voicing condition factors. No effect sizes were found which could be
considered significant according to our criteria.
Female Group
Flow
F (df = 1) p η2p
H1-H2 2.048 0.108 0.062
SQ 0.319 0.812 0.122
OQ 0.667 0.573 0.032
AC 0.948 0.123 0.005
7.5.1 Results for the factor risk
Figures 7.3, 7.4 and 7.5 show the type of effects that the factor risk had on the three
groups, for the variables summarised in the list above.
For the female flow recordings, four of the DVs were affected, namely H1-H2, SQ,
OQ and DC. For the risk group, in comparison to the control group, H1-H2 values
seem less spread and were lower, SQ values were higher, OQ was higher and it seems
that DC values were less spread with a higher median value.
For the female microphone recordings, there was an observed effect for two DVs,
namely SQ and OQ. For SQ, risk values were a little higher and for OQ, risk values
were less spread, with a higher median value.
For the male microphone recordings, there was also an effect for two DVs, H1-H2
and OQ. The differences here seem much larger than in the female groups, and it
should be remembered that the male group was much smaller. For H1-H2, the risk
values were lower than the control group. Risk values for OQ were higher.
7.5.2 Results for the factor endoscope
7.5.2.1 Comparison of endoscope and no endoscope conditions
For the female microphone recordings, there was a small effect for SQ and OQ, η2p =
0.025 and 0.026 respectively. H1-H2 and AC had no notable effect. Figure 7.6 shows
the boxplots illustrating the effect. For both SQ and OQ, the endoscope produced
smaller values.
7.5.2.2 Comparison of risk and control groups for the voicing conditions
No difference was found in the comparison of the normal condition with the other three
voicing conditions, across risk and control groups. This is illustrated in Figure 7.7
below. It should be noted that although some differences can seem quite large, partic-
ularly in comparison with the boxplots for the other data presented above, it should
be remembered that the number of observations per cell was only of the order of 20.
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Figure 7.3: Boxplots showing the effect of the risk factor on the female subject
group for the flow recordings, for the parameters H1-H2, SQ, OQ and DC. For
H1-H2, Nrisk = 125, Ncontrol = 87. For SQ, Nrisk = 123, Ncontrol = 85. For
OQ, Nrisk = 125, Ncontrol = 85. For SQ, Nrisk = 123, Ncontrol = 85. For DC,
Nrisk = 89, Ncontrol = 48.
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Figure 7.4: Boxplots showing the effect of the risk factor on the female subject
group for the microphone recordings, for the parameters SQ and OQ. For SQ,
Nrisk = 142, Ncontrol = 88. For OQ, Nrisk = 144, Ncontrol = 89.
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Figure 7.5: Boxplots showing the effect of the risk factor on the male subject group
for the microphone recordings, for the parameters H1-H2 and OQ. For both H1-H2
and OQ, Nrisk = 21, Ncontrol = 26.
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Figure 7.6: Boxplots showing the effect of the endoscope on the female subject
group for the microphone recordings, for the parameters SQ and OQ. For SQ,
Nno endo = 125, Nendo = 102. For OQ, Nno endo = 126, Nendo = 104.
7.6 Discussion
7.6.1 Comparison of the risk and control groups
The parameters which emerge as different between our risk and control group were
OQ, SQ, H1-H2 and DC, all of which are parameters which can be related to aspects
of adduction and abduction of the vocal folds. For female flow and microphone
recordings and for male microphone recordings, OQ was larger for the risk group
than for the control group. For the female flow and microphone recordings, SQ was
also larger for the risk group than for the control group. For the male microphone
recordings and the female flow recordings, H1-H2 was larger for the risk group than
for the control group. For the female flow recordings, DC was also higher for the risk
group than for the control group.
Higher OQ values indicate a longer opening phase of the glottal cycle. A larger
difference between the first and second harmonic probably indicates a less abrupt
closure, and is correlated with breathy phonation. Larger DC values are often associ-
ated with more breathy or leaky phonation (Holmberg 1993, Isshiki 1981, Herteg˚ard
& Gauffin 1995), but it has also been suggested (Cranen & Schroeter 1995) that if
leakage is present in only the cartilaginous part of the glottis, there may still be ab-
rupt changes in flow, and therefore DC levels are not necessarily representative of a
breathy voice quality.
Looking at the female SQ values, the risk group seems to have a more skewed
waveform, which indicates more rapid closure of the vocal folds, and so might be
interpreted as just the sort of phonation referred to by Cranen & Schroeter (1995).
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Figure 7.7: Boxplots showing the comparison of risk and control groups with
respect to numerical differences between normal voice and the other three voicing
conditions recorded for this study. The comparison is made for the endoscope
recordings for the female group, for the parameters OQ, SQ, H1-H2, and AC.
140 Chapter 7. Study V
For the flow recordings, the larger OQ and H1-H2 values suggest that the higher
SQ values may rather be an indication of increased effort to produce closure, in the
presence of membranous leakage.
For the microphone recordings, we did not find a difference between risk and
control for the spectral parameter H1-H2. However, the higher OQ and SQ values
support the notion that an increased element of tension in combination with increased
glottal leakage is present in the risk group.
In terms of the musculature involved in phonation, a combination of more tense but
also more breathy voice quality might be expressed as increased medial compression,
but lower adduction tension (see Laver’s description of laryngeal tension settings in
Laver (1980)), with longitudinal tension either the same or greater. In the long term,
and with the high vocal loading of the teaching profession, extra effort in medial
compression would result in a greater force with which the vocal folds collide, which
could result in injury to the voice.
Longituninal 
Tension
Longituninal 
Tension
Medial
Compression
Medial
Compression
Adductive
Tension
Adductive
Tension
Thyroid cartilage
Cricoid catrilage
Arytenoid cartilage
Figure 7.8: Schematic drawing illustrating the parameters of laryngeal tension,
after Laver (1980).
It is certainly problematic for the voice if these results are to be interpreted as
greater effort to produce closure, but with a less efficient voice, and it would be a good
reason to suspect a voice of not being robust, and susceptible to voice strain. We
would suggest, therefore, that the voice therapists could hear leakage in conjunction
with extra tension in the female risk group voices, and that this was the audible
characteristic that led them to assign students to the risk group. The actual difference
in mean values between the two groups is still very small—of the order of 9%—so
our interpretation here is very tentative.
For the male group, the higher OQ and H1-H2 values indicate less efficient voicing.
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There was no difference in the SQ values, and it may be that the voice therapist
assigned the males to the risk group on the basis of a breathy voice quality. Breathy
voice in female speakers may not be enough to perceptually signal a risk voice, as it
is quite normal among female Dutch speakers. Although it is the experience at the
University Hospital ENT department that male voices often exhibit glottal leakage
during phonation, breathiness is not a feature of normal Dutch male voice quality.
7.6.2 Comparison of normal voice with soft, loud and low voice
Figure 7.7 shows the comparison of normal voice quality to the other three voicing
conditions, namely soft, low and loud. We had expected to see a difference between
normal and soft voice, which would reflect the results from earlier research (Orr et al.
2002) on the same subject group using videolaryngostroboscopy. In that study, the
risk group showed a comparatively less complete glottal closure for soft voice, as
compared to normal voice, than the control group. As a consequence, we would have
expected the risk group, in comparison to the control group, to have greater numerical
differences between normal and soft conditions for OQ and H1-H2 values, with lower
SQ and AC values. We did not find these differences, and nor were any differences
found for the comparison of normal and low voice, and normal and loud voice.
The boxplots in Figure 7.7 suggest some differences, for example for the difference
between normal and soft voice for SQ. However, the calculation of difference between
voicing conditions required finding pairs of observations for which the only difference
was the voicing condition. This reduced the amount of data to between 15 and 20
observations per cell for the analysis of variance. Any real effect should therefore have
been greater than η2p > 0.15, as reasoned in section 7.4.
In the study involving the laryngoscopic data, we noted that we had expected to
see a difference between the production of loud and normal voice, in terms of degree of
glottal closure, and we thought that this difference might be of a different magnitude
for the risk group than for the control group. We did not find that result in the earlier
work, and we do not find it here. We suggested previously that the most probable
reason for not finding such results was the choice of vowel for the analysis. The /i/
vowel is the most suitable choice for laryngoscopy, as it affords the best view of the
vocal folds. However, reliable estimation of the frequency and bandwidth of the low
first formant of the /i/ vowel, in the region of 300Hz, for inverse filtering can be
problematic.
The problem experienced with the /æ/ vowel, as explained in Orr et al. (2002),
presented in Chapter 3, was that the arytenoid cartilage sometimes obscured full view
of the cartilaginous section of the vocal folds. In these cases, the phoniatrician could
not make accurate estimations of degrees of glottal closure and was forced to place
subjects in groups with either cartilaginous leakage or membranous leakage. Subjects
with complete or almost complete closure would then fall into the cartilaginous group.
This meant that the expected increase in glottal closure between normal and loud
voice, both of which mostly fall into the cartilaginous group, could not be seen for
either risk or control group. The comparison between normal and soft voice often
meant a crossover from cartilaginous opening for normal voice to membranous opening
for soft voice, and therefore it could be statistically observed.
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Looking at differences between risk and control groups in section 7.6.1, where
increases in parameters are of the order of 10% to 20%, the difference between risk
and control subjects is not large. We believe that, for the risk group, there was more
glottal leakage during phonation, but not of any great magnitude. Looking at the
glottal closure scores in Orr et al. (2002), we note that 80% of the control voices and
70% of the risk voices were assigned to the cartilaginous group for degree of glottal
closure for normal voice. The small amount of extra leakage found generally in the
risk group may have placed them at the edge of the cartilaginous group, with any
extra leakage pushing them over in to the membranous group. For the control group,
the difference between normal and soft voice may have been similar to that of the risk
group, but as they had less leakage anyhow, production of soft voice remained more
often in the cartilaginous group.
This line of reasoning weakens the conclusions from Orr et al. (2002), that the
risk group may have less control over the production of soft voice. It should be noted
that, in the recording of the speech material, no attempt was made to influence the
subjects’ interpretation of the voicing conditions. Large between-subject variation
has already been suggested in Chapters 5 and 6 as being responsible for obscuring
effects which we believed to be present. More controlled experimental conditions may
be required to show differences between these type of risk and control groups.
We believe that the measures from inverse filtering should be sufficient to detect
any systematic difference, and of course, as the risk group was judged to have healthy
normal voices, it may be that there was no difference between risk and control groups
in the production of normal and other voice conditions.
7.6.3 The effect of the presence of the endoscope
The impression, on listening to the recordings, that the endoscope had an substantial
effect on many subjects, was not supported by the results of our analysis. Although we
did find differences which, according to our criteria in section 7.4, need to be explained,
the differences are small, and were found only for one of the four analysis groups,
namely the female microphone speech. However, the subjective aural impressions
formed during the collection and analysis of the data were of a large effect for all
subject groups.
Of the four groups being tested, only the female microphone recordings showed
any difference. Looking at the boxplots in Figure 7.6, the actual difference seems
to be very small. There was no difference for any of the amplitude parameters but
it is striking that both SQ and OQ values are smaller. This is the opposite of the
effect that we find in the comparison of risk and control recordings in section 7.6.1. If
we were to follow the same type of interpretation for the endoscopic data, we might
conclude that there is slightly less glottal leakage coupled with a small reduction
in the muscular tension involving medial compression and possibly also longitudinal
tension. We might suggest that, subjectively imagining phonation in the presence of
a flexible endoscope, medial compression and possibly also longitudinal tension are
reduced by widening of the pharynx walls, to avoid contact with the endoscope. This
would explain the smaller SQ values. Smaller OQ values could then only be explained
by increased adductive tension, where the vocal processes of the arytenoid cartilages
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are less separated. Increased adduction of the vocal processes could be a result of
generally increased tension settings in the larynx as a result of the presence of the
endoscope, or a compensation for the widening of the pharynx.
This type of interpretation is, of course, speculative, and is presented only as a
suggested interpretation of our results. However, it remains worthwhile to consider
what possible physiological interactions may be at play, because of the strong percep-
tual impressions of the phoniatricians and analysts involved in this research that the
endoscope did affect the phonation of many subjects. When a perceptual effect on
phonation is observed, it should be visible in the source wave. Listening more care-
fully to the recordings, it seems that the most noticeable difficulty for the subject was
in initiating phonation. Once the settings were in place to produce the /æ/ vowel, the
subject produced an acceptable recording. Where the recording could not be used,
as was the case in a number of attempts, this was due to the inability of the subject
to maintain smooth phonation. These observations could be made on both risk and
control subjects.
If these subjective listening impressions are valid, then they may explain why our
approach failed to show the difficulties which we believe some subjects experienced.
The inverse filtering process is carried out on the steady state part of the vowel. One of
the limitations of automatic inverse filtering is its inability to deal with rapid changes
in laryngeal and vocal tract configuration. At voice onset, the voicing apparatus makes
rapid adjustments in order to find the correct setting for steady phonation, which
can include rapid changes in voice quality until the modal setting for the subject
is reached. Therefore, voice onset is not included in the part of the speech wave
selected for analysis. In order to describe the effect of the endoscope, we would need
an analysis technique which can characterise the onset of voicing.
For clinicians who use endoscopy in their assessment of vocal function, it is inter-
esting to note that we found no demonstrably large effect of the endoscope on voicing,
where steady phonation was analysed.
7.7 Conclusions
In this study, we have looked at differences in voice quality between two groups of
speakers, a risk group and a control group. The female risk group differs from the con-
trol group in that it has more glottal leakage during phonation, along with increased
speed of closure, possibly linked to increased tension in the voicing apparatus. The
male risk group also has more glottal leakage during phonation than the control group,
but does not show the same increase in speed of glottal closure. The voice therapists,
in assigning subjects to risk or control group, probably hear more leakage in the male
risk group. Extra leakage is coupled with extra tension in the female group.
We compared the results of this study with earlier work involving laryngoscopy,
to try to confirm the suggestion that the risk group employed a less adequate form of
control over the production of soft voice than the control group. We expected to find
that the difference in the source parameter values between soft and normal voice for
the risk group would be significantly larger than the same difference calculated for the
control group. Our previous results were not reproducible in this way, and we believe
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that this was due to the non-ideal choice of speech material for the laryngoscopic
data, which forced too gross a categorisation of degree of glottal closure, and produced
incorrect results. The effect of between-subject variation in the interpretation of the
desired voicing conditions may also have played a role in this.
The effect of the endoscope was also investigated, and while there was some in-
dication that endoscope effects could be found on voicing for the female microphone
recordings, the male and female flow recordings and the male microphone recordings
do not exhibit an effect. The likely reason for this is that the difficulties experienced
by subjects in the presence of an endoscope are primarily found at voice onset, which
is not characterised by our voice analysis procedure.
The implications of our findings for the establishment of parameters for robustness
in the professional voice are that the measures OQ, SQ and H1-H2 are good indicators
of robustness, as they can be interpreted in terms of tension and efficiency, and they
could be used in this research to differentiate between perceptually judged robust and
non-robust voices.
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Summary
This main purpose of this dissertation was to investigate whether there are parameters
which might indicate whether a voice is robust with respect to a voice-intensive pro-
fession like teaching. The notion of voice quality, specifically robust voice quality, is
important in this thesis. Here, voice quality is neither restricted to subjective impres-
sions, nor clinical assessment, nor objective acoustic phonetic labelling. Rather, it is
used as an umbrella term, and in attempting to find characteristics of robustness, we
specifically try to link acoustic characteristics of voice signals with subjective auditory
and visual assessments of voice.
A voice quality, in this thesis, might loosely be described as a combination of
values of a set of parameters derived from the acoustic speech signal, which have been
found to relate to subjective auditory impressions of the voice or to visual inspections
of the vocal apparatus.
Robustness, as treated in this thesis, might correspondingly be described as com-
binations of values of a set of acoustic parameters, derived from speech signals of
voices, which relate to auditory assessments of the voice, or visual examination of the
vocal apparatus, regarding the robustness of the voice against intensive professional
use.
Several different types of voice analysis were used for the investigation, including
phonetography, pulse-to-pulse variation estimations, videolaryngography, and inverse
filtering. All of these methods yielded parameters which could be used as indicators
of voice robustness.
The inverse filtering study involved some methodological research. Speech recor-
ded with and without a mask was recorded for analysis. Both oral airflow and speech
pressure recordings are used for inverse filtering. Theoretically, they should produce
comparable measures. The initial data used in this study could not confirm this, and
an experiment was devised to test it more carefully. The results showed that the
presence of a flow mask during speech recordings has a significant effect on the voice
quality of the recorded speech.
The initial data that was used for the study was taken from a population of student
teachers and from the normal population. There were two groups, risk and control.
The risk group were considered by voice therapists to have less robust voices than
the control group. For these two groups, measurements of voice were made, and
statistical analyses were carried out to see if the objective measurements from the
different voice analysis methods could confirm the judgement of the voice therapists.
All of the objective methods of estmating voice quality yielded measures which could
discover a difference between the risk and control group. In all cases, the values of
these measures could be related theoretically to physical processes which might be
linked to robustness.
The results of the studies which make up this dissertation are intended to contrib-
ute to our understanding of voice robustness and of the methodology of voice quality
analysis.
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